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ABSTRACT 
 
The taxonomy of Cambrian lingulate (phosphatic shelled) brachiopods from England and Wales are 
reviewed in detail for the first time in nearly a century. 37 linguliformean brachiopod species, assigned 
to 23 genera, are described; 19 taxa are recorded in open taxonomy. Giving provisional names, three 
new genera, Svenjaella, Alexellus and Kayleigha are erected and nine new species are described 
(Chapter 4).  
Detailed cladistic analysis supports previous reports that Acrotretidae is a paraphyletic grouping of 
brachiopods which gave rise to other families within the Acrotretoidea (Chapter 6). Curticiidae is 
identified as lying outside the Acrotretoidea. The remaining families are supported as valid taxonomic 
units, albeit with some potential minor revisions. A new Scaphelasmatidae-Ceratretidae clade is 
consistently recovered. Support for the previously proposed subfamilies Neotretinae and 
Linnarssoniinae is partially recovered. 
The preservation of polygonal imprints of epithelial cells in lingulate brachiopods is reviewed and 
supplemented by new data (Chapter 7). The imprints are confirmed as representing moulds of epithelial 
cells as they are best preserved in areas where the shell has been thickened, and are similar in size to 
cells recorded in Lingula, the closest living relative to the extinct acrotretoids. Analysis of the 
morphology and sizes of cell-moulds demonstrates that there is no consistent relationship between cell 
width and valve size, and that they are not a useful taxonomic character within this group.   
The distribution of lingulate brachiopods across the Iapetus region is analysed using a number of 
statistical measures (Chapter 8). Although lingulate brachiopods have traditionally been considered to 
be of little utility in assessing palaeobiogeography, this analysis shows a clear palaeobiogeographic 
signal where lingulate faunas are sufficiently diverse, reflecting the history of the Iapetus ocean and the 
relative separation of Laurentia and Baltica through the Cambrian and Ordovician and provides 
confirmatory evidence that Palaeozoic lingulates had long-lived planktotrophic larvae.  
 
DISCLAIMER: 
This manuscript is produced only for examination as a doctoral thesis. It is not a publication in the sense 
of the International Code of Zoological Nomenclature. 
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1 INTRODUCTION 
SCOPE 
This research encompasses a review of lingulate (phosphatic shelled) brachiopod faunas within the 
Cambrian strata of the southern British Isles, in particular Wales, Shropshire and the English Midlands, 
which comprised part of the Avalonian terrane at the time. A history of relevant research into lingulate 
brachiopods is set out in Section 2 and a review of the Cambrian geology of England and Wales is 
provided in Section 3.   
 
The main focus of the project has been to carry out a long overdue review of the taxonomic 
classification of British Cambrian lingulate brachiopods (section 4); much of the published literature on 
these faunas dates from the 19th Century (e.g. Davidson’s Silurian monograph of the 1860s and 1870s) 
and early 20th Century (e.g. Matley 1902, Cobbold 1921). There has been no taxonomic research 
specifically focussed on British Cambrian brachiopod faunas since Cobbold ceased to publish; indeed, 
Cocks (2008, p.8) noted that “the abysmal lack of work since the early twentieth century on the British 
Cambrian brachiopods is truly lamentable”. The work herein in relation to paterinid brachiopod 
taxonomy also contributed to a study dating the Purley Shale Formation in the English Midlands 
(Williams et al. 2013). 
The project has made use of existing collections at the Natural History Museum, Oxford University 
Museum of Natural History, Sedgwick Museum, National Museum of Wales, University of Bristol, 
Leicester University and the British Geological Survey. In addition new material from phosphatic 
residues of the Comley Limestones, provided by Leicester University and the University of Bristol has 
been reviewed. 
A brief summary of the history of the classification of the Brachiopoda, and in particular of lingulate 
brachiopods, is provided in Section 5 and the phylogeny of Acrotretoid brachiopods is explored with 
the most comprehensive cladistic analysis of the Acrotretoidea undertaken to date, incorporating all 
known acrotretid genera and using 63 characters (section 6; in preparation for publication). This 
analysis supports the previously reported paraphyletic nature of the Acrotretidae, whilst providing 
support for other families within the Acrotretoidea. 
Polygonal imprints identified in acrotretid and lingulid brachiopods are confirmed as representing 
epithelial cell moulds and an assessment of whether they may be useful in taxonomy is discussed in 
Section 7 (published as Winrow and Sutton 2012). 
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The extent to which lingulate brachiopods are useful in assessing the history of the Iapetus ocean 
throughout the lower Palaeozoic is assessed using statistical techniques in Section 8 (published as 
Winrow and Sutton 2014), suggesting that lingulate brachiopods may be more useful in 
palaeogeographical studies than previously thought. 
 
METHODOLOGY 
The methodologies applied to each aspect of this research are set out in detail in sections 4, 6, 7 and 8. 
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2 HISTORY OF CAMBRIAN LINGULATE BRACHIOPOD RESEARCH 
19
TH
 - 20
TH
 CENTURY RESEARCH IN BRITAIN 
There was a significant amount of research carried out on the lower Palaeozoic strata of the British Isles 
in the early to mid-19th Century. Much of the work at this time focussed on identifying the sequence of 
the strata, with palaeontological research generally focussed on trilobite faunas. There was limited 
specific work on British lower Palaeozoic brachiopod faunas during this period and, although many of 
the publications of this period included reference to brachiopods, few were formally described and 
figured. The most significant early review was Davidson’s “A monograph of British fossil 
Brachiopoda” published in the latter half of the 19th Century, in particular his “Silurian” monograph 
published in the period 1866 to 1871, followed by supplements published in the early 1880s (Davidson 
1866; 1867; 1868b; 1871; 1882 and 1883). This monograph includes all brachiopods identified from 
what was then known as the “Silurian”, equivalent to the Lower Palaeozoic in modern terms. Further 
contributions to knowledge of British Cambrian lingulate brachiopods from this period include 
Callaway (1877) in Shropshire, Harkness & Hicks (1871), Hicks (1872a) and Salter & Hicks (1867, 
1869) in South Wales, Salter (1866) in North Wales and Holl (1865) in the Malvern area. In his 
Presidential address to the Geological Society of London, Etheridge (1881) summarised the distribution 
of Palaeozoic fossils which included consideration of the knowledge of brachiopods and their 
distribution but did not include taxonomic descriptions. 
  
At the turn of the 20th Century, Matley (1902) described the Cambrian brachiopod faunas from the 
Malvern Hills. The most significant work carried out on southern British Cambrian sections in the early 
20th Century was by Cobbold, whose research was mainly focussed on Shropshire. His findings were 
reported in a number of papers in the Journal of the Geological Society. Although the focus of 
Cobbold’s work was to elucidate the stratigraphy of the Cambrian in the Comley area of Shropshire, he 
described much of the fauna, including brachiopods. In particular he summarised the brachiopods in the 
Paradoxides beds of Comley (Cobbold 1911), detailed the Cambrian Brachiopoda and other fauna of 
the Comley area (Cobbold 1921), and outlined some further fossils identified in the area, mainly 
trilobites (Cobbold 1927). Cobbold & Pocock (1934) detailed the successions and faunas of the Rushton 
area. 
 
There has been no taxonomic research specifically focussed on British Cambrian brachiopod faunas 
since Cobbold ceased to publish. Although Rushton (1974) summarised the faunas, including 
brachiopods, identified in Cambrian sections across England and Wales he did not undertake detailed 
taxonomic revision. Whilst Cocks (1978; 2008) listed all British Lower Palaeozoic brachiopod species 
13 
 
referred to in the literature, including figures of some type specimens, he did not include taxonomic 
descriptions or revision. Although Hinz (1987) reviewed the microfauna of the Lower Cambrian 
Comley Limestones, identifying four families of lingulate brachiopods, the taxonomic descriptions 
provided lack detail. Rushton et al. (2007) described a middle Cambrian trilobite fauna from 
Shropshire, and indicated that there is an associated fauna of acrotretid and lingulid brachiopods. Many 
memoirs of the British Geological Survey which include areas of Cambrian exposure have been 
published during the latter part of the 20th and early 21st century (e.g. Greig 1968; Bridge et al. 1998; 
Young et al. 2002); whilst these publications include summaries of palaeontological evidence there are 
no formal taxonomic descriptions of brachiopods.  
 
RESEARCH IN OTHER AREAS 
Although organophosphatic-shelled brachiopods have been studied since the 18th Century (Bruguière 
1797; Cuvier 1797, 1798) the 19th Century saw the first significant amount of research into brachiopods 
(including lingulates). An initial phase of work in the East Baltic region by, among others, Eichwald 
(1829); Pander (1830), Verneuil (1845) and Kutorga (1846) was followed, around the same time as 
Davidson’s work was published in Britain, by a series of monographic reviews of brachiopods 
including Barrande (1879) in Central Europe and Hall (1847) in the United States. The most significant 
research in the late 19th and early 20th centuries outside of Britain was that undertaken by Walcott in the 
USA; he published a number of papers covering aspects of the Cambrian brachiopod faunas of North 
America (e.g. Walcott 1885; 1898; 1902; 1908) and compiled his work in his Treatise on Cambrian 
Brachiopoda (Walcott 1912). This treatise detailed the known Cambrian Brachiopoda of North America 
and related these taxa to other areas of the world, including England and Wales. 
Bell (1941) published detailed descriptions of Cambrian brachiopods from Montana, including an 
update to Walcott’s monograph. Another significant brachiopod worker from the USA in the middle of 
the 20th Century was A.J. Rowell who, along with publishing extensive literature, was a key contributor 
to the original Brachiopod volumes of the Treatise on Invertebrate Paleontology (Moore, 1965). His key 
taxonomic publications included a revision of Cambrian and Ordovician inarticulate brachiopods 
(Rowell, 1966) and early Cambrian faunas from California and Nevada (Rowell 1977a; 1980). A 
number of Russian publications in this period reviewed Cambrian faunas including Gorjansky (1969) 
on Cambrian-Ordovician brachiopods of the Russian platform and Gorjansky & Koneva (1983) on 
Cambrian lingulate brachiopods from Kazakhstan. 
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LATE 20
TH
 TO EARLY 21
ST
 CENTURY RESEARCH  
There has been a significant amount of research into Lower Palaeozoic lingulate brachiopod faunas 
around the world in the last twenty years of the 20th and early 21st century, stimulated at least in part by 
the advent of Scanning Electron Microscopy (SEM) with its significantly enhanced resolution. This 
work, much of which has focussed on faunas from Eastern Europe and Asia, led to significant revision 
of the known lingulate brachiopod taxa from the Lower Palaeozoic and the erection of a large number 
of new genera, providing the basis for reviewing the classification of the phylum. These modern 
publications include detailed taxonomic descriptions of taxa and comparison with other material 
supported by high quality figures, in particular SEM images. Key contributions to knowledge of 
Cambrian lingulate brachiopod faunas during this period include the major monographs published by 
Popov & Holmer (1994) on Cambrian to Ordovician lingulate faunas from Scandinavia, Kazakhstan 
and the Ural Mountains and Holmer et al. (2001) on Cambrian – early Ordovician brachiopods from 
central Asia.  
A number of recent publications have detailed the Cambrian faunas of China, in particular Holmer et al. 
(1997), Li & Holmer (2004), Zhang et al. (2003; 2004; 2009; 2011a; 2011b) and Engelbretsen & Peng 
(2007). Other Asian faunas studied include Kazakhstan (Popov et al. 1998). Ushatinskaya and Holmer 
(in Gravestock et al. 2001) and Engelbretsen (1996; 2004) have published details of faunas from 
Australasia, Popov et al. (2008) summarised early to Middle Ordovician lingulates from Iran and Popov 
et al. (2009) described Cambrian to Ordovician siphonotretids from Iran. Recent publications on 
Cambrian faunas from North America include Popov et al. (2002) focussing on Utah, Skovsted & Peel 
(2010) on Pennsylvania, Robson & Pratt (2001) and Robson et al. (2003) on Canadian faunas, Landing 
et al. (2002) on Québec and Landing et al. (2008) on Avalonian Newfoundland. Streng et al. (2011) 
described faunas from the Oaxaquia microcontinent in southern Mexico and Holmer et al. (1999) 
published details of the first Cambrian phosphatic brachiopods identified in Argentina. In Europe, 
Popov et al. (1997) provided details of faunas from Greenland and Puura & Holmer (1993) described 
Swedish material. In addition to papers summarising brachiopod faunas, a number of taxon-specific 
papers have been published, including those on the diversity of Paterinate brachiopods by Williams et 
al. (1998), the revision of the genus Acrotreta by Holmer & Popov (1994) and Neotreta by Popov et al. 
(1994), review of the type species of Lingulella by Sutton et al. (2000), comparison of Lingulellotreta 
from Kazakhstan and China by Holmer et al. (1997) and an overview of the understanding of Lingulid 
brachiopods by Popov & Holmer (2003). Although not directly relevant to the Cambrian, Cocks & 
Popov (2009) have reviewed the generic assignment of British Silurian Linguloid brachiopods 
following review of the order Lingulida in recent decades. 
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The shell structure of the Brachiopoda has been studied in recent decades using advanced microscopic 
techniques, building on the work of Williams and others in the early 1970s (e.g. Williams & Holmer 
1992, Williams et al.1994, Williams et al. 2004, Streng & Holmer 2005, Holmer et al. 2006, Streng et 
al. 2007). The classification of the Brachiopoda has been a focus of research in recent decades, leading 
to an updated classification in the revised brachiopod volumes of the Treatise on Invertebrate 
Palaeontology (Williams et al. 1996; 2000; Kaesler 1997; 2000) as well as more recent consideration of 
the basal phylogeny of the Brachiopoda (e.g. Holmer et al. 2002, Balthasar 2003; 2008, Holmer & 
Caron, 2006, Holmer et al. 2009, Skovsted et al. 2011 and Murdock et al. 2012; 2014). Other, more 
general, recent publications covering lingulate brachiopods include Holmer & Popov (1996) on the 
early Palaeozoic radiation of brachiopods, Holmer (2001) summarised the classification of lingulate 
brachiopods, Ushatinskaya (2001; 2010) summarised ecological aspects of Cambrian brachiopods and 
the distribution of acrotretids respectively, whilst Bassett et al. (1999) set out a summary of the 
diversification and extinction of early Palaeozoic lingulate brachiopods. 
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3 CAMBRIAN GEOLOGY OF ENGLAND AND WALES 
HISTORICAL BACKGROUND TO STUDIES OF CAMBRIAN STRATA IN BRITAIN 
Holland (1974) provides a detailed background to the history of Lower Palaeozoic research in the 
British Isles. The names of the three periods of the Lower Palaeozoic derive from the British Isles as a 
result of the research of Sedgwick and Murchison who worked on sections of the lower Palaeozoic in 
Wales and the Welsh borderland region of England in the 1830s. Murchison erected the Silurian system 
(Murchison 1835) to cover most of the lower Palaeozoic strata identified in the area whilst Sedgwick 
identified the Cambrian as a separate period in Wales (Sedgwick & Murchison 1835) incorporating 
some of the lower Silurian strata of Murchison. There then followed several decades of dispute between 
supporters of Murchison and Sedgwick around the boundaries of the two systems; eventually Lapworth 
(1879) suggested a tripartite split of lower Palaeozoic strata and erected the Ordovician period to 
include parts of both Murchison and Sedgwick’s strata. The Cambrian as currently defined is more or 
less equivalent to the “Lower Cambrian” of Sedgwick (1852).  
More recent discussions on the extent of the Cambrian period revolved around whether or not the 
Tremadoc Series (now known as the Tremadocian) should be treated as part of the Cambrian or 
Ordovician systems. This was resolved in the early 1980s when the Tremadocian was formally removed 
to the Ordovician (Norford, 1982; Whittington et al. 1984).  
THE CAMBRIAN TIMESCALE 
The Cambrian period covers a total of 54 million years (542Ma-488Ma as set out in Gradstein et al. 
2004) of which the traditional ‘Lower’ Cambrian lasted around 29Myr, ‘Middle’ Cambrian 12Myr and 
‘Upper’ Cambrian around 13Myr. 
Although Babcock et al. (2005) have proposed a revised Cambrian timescale dividing the period into 
more equal time series as set out in fig. 1, there is as yet little international agreement on many of the 
boundaries and stages of the Cambrian period, leading to regional timescales being used. There are 
many reasons for this lack of agreement including a lack of detailed isotopic dating and biostratigraphic 
control over sequences. Shergold and Geyer (2003) summarise the position at that time and Babcock & 
Peng (2007) summarised the latest position and future plans of the International Subcommission on 
Cambrian Stratigraphy (ISCS). The ISCS continues to revise the Cambrian timescale: much of the work 
on identifying GSSPs for the Cambrian is being undertaken in China, North America and Australia and 
further stages and GSSPs are under review. Landing et al. (2007) published global standard names for 
the Lowermost Cambrian series and stage. Rozanov et al. (2008) argue that the Lower Cambrian 
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timescale should follow the Siberian standard as they are the most complete sections; however they do 
not provide evidence of the correlation of Siberian sections to other parts of the world. More recently 
stage 9 of the Cambrian has been ratified as the Jiangshanian stage (Peng et al. 2012). 
BRITISH CAMBRIAN TIMESCALE 
Historically, the Cambrian was informally subdivided into ‘Lower’, ‘Middle’ and ‘Upper’. Cowie et al. 
(1972) proposed the terms Comley, St Davids and Merioneth for use in the British Isles and, whilst 
these series were not formally defined, they are broadly equivalent to ‘Lower’, ‘Middle’ and ‘Upper’ 
Cambrian respectively.  
Many authors have utilised the Siberian stages for the early Cambrian including Tommotian, identified 
by the presence of small shelly fossils of Tommotiid type, and Atdabanian identified by the first 
appearance of trilobites. Early Cambrian Avalonian sequences have been subdivided into zones based 
on trace fossil and small shelly fossil assemblages by Landing et al. (1989) and listed in Brasier et al. 
(1992); these have not been successfully applied to British lower Cambrian sequences due to 
incomplete successions and poor exposure. McKerrow et al. (1992) set out a correlation between 
Siberian stages and Avalonian zones, along with zones from China, Laurentia and Baltica.  
It has become more appropriate internationally to replace the ‘Lower’ Cambrian (Comley series) with a 
lowest Cambrian, non-trilobite bearing, Placentian series (Landing et al. 1989) and the Branch series for 
the trilobite bearing sections of the early Cambrian as identified in Newfoundland (Landing 1992b). 
Brenchley et al. (2006) consider that the Placentian series represents around 24Ma of Lower Cambrian 
time and the Branch only around 8Ma whilst the St. Davids and Merioneth series both represent around 
11Ma. In the proposed scheme of Babcock et al. (2005), it would seem appropriate, without detailed 
biostratigraphic analysis, that the pre-trilobite Placentian series would equate to Series 1 (Terreneuvian) 
and the trilobite bearing Branch series would represent series 2. The St. Davids would appear to equate 
to Series 3 and the Merioneth to Furongian Series (Fig. 1). Cocks et al. (2010) outlined a correlation for 
the lower Palaeozoic, relating the British sequences to the global standard timescale, and Rushton et al. 
(2011, p. 3-5) outline the boundaries of the series and stages of the British Cambrian against the modern 
global timescale, whilst noting that there is uncertainty over the exact location of many of these 
boundaries. 
CORRELATION OF BRITISH SEQUENCES 
Cowie et al. (1972) provided a detailed correlation of British Cambrian sequences including charts 
showing sequences in each area of outcrop, summary correlation charts for the British Cambrian and a 
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correlation of British sequences with other Cambrian sequences around the world. This classic 
correlation work has recently been revised by Rushton et al. (2011) to reflect nearly 40 years of 
research with updated correlation of British Cambrian sequences. Rushton et al. (2011; p6-12) outline 
the biostratigraphical divisions of the Cambrian and their application to British sequences based on 
trilobites (Series 2 and 3), small shelly fossils (Terreneuvian, Stage 2), trace fossils (Terreneuvian and 
Fortunian) and acritarchs (throughout the Cambrian), noting that correlation of the ‘Lower’ Cambrian in 
Avalonian Britain, in particular, is problematic.  
Rushton et al. (2011) note that the chronology of British Cambrian sequences is a work in progress. 
Key recent contributions to the correlation of the British Cambrian include Landing et al. (1998) who 
constrained the age of the lower Cambrian using dates derived, in part, from Britain; Harvey et al. 
(2011) constrained the age of the Comley Limestones, and the series 2-3 boundary, in Shropshire, to 
between 514Ma and 510Ma and provided a revised chronology of the Cambrian in southern Britain; 
Williams et al. (2013) dated the Purley Shale Formation from Stage 3 at 517Ma in Nuneaton and 
Davidek et al. (1998) and Landing et al. (2000) identified latest Cambrian ages of 491Ma, constraining 
the age of the Cambrian/Ordovician boundary, from north Wales.  
Figure 1 shows a summary correlation of the main Cambrian sequences of the southern British Isles, 
including the standard biozones based on trilobite faunas along with the Avalonian chronostratigraphy 
and summary of bio-events in the Cambrian. Further details of British Cambrian sequences are set out 
in Appendix 1.  
 
 
19 
 
20 
 
Figure 1 British Cambrian stratigraphic correlation chart  
(Original compiled from sources referred to in text): shows Avalonian chronostratigraphic 
framework with Siberian stages (often referred to in the literature), biostratigraphic zonation 
for UK trilobites and events marking stage boundaries in the modern global Cambrian 
framework.  Lithostratigraphic sections are provided for key British Avalonian sequences 
(Abbreviations in Comley section: Bent Sh. – Bentleyford Shales; SRR Shales – Shoot Rough 
Road Shales). Also provided for the Comley section are the abbreviations of Cobbold (1921; 
1927). 
(Key to Events in Fig.1: * - GSSP confirmed; 1 – FAD Trichophycus pedum; 2 – FAD small 
shelly fossils or archaeocyathid species; 3 – FAD trilobites; 4 – FAD Olenellus or redlichiid 
species; 5 – FAD Oryctocephalus indicus; 6 – FAD Ptychagnostus atavus; 7 – FAD Lejopyge 
laevigata; 8 – FAD Glyptagnostus reticulatus; 9 – FAD Agnostotes orientalis; 10 – FAD 
Lotagnostus americanus; 11 – FAD Iapetognathus fluctivagus) 
PALAEOCONTINENTAL AND TECTONIC SETTING 
During the Cambrian England and Wales along with parts of maritime Canada and North East USA, 
Belgium, Northern Germany and Southern Poland formed the Avalonian terrane, one of a number of 
terranes in the peri-Gondwanan margin (Cocks et al. 1997, Moczydlowska 1997, Cocks 2000, Fortey & 
Cocks 2003). Landing (1996) argues for the existence of Avalonia as a distinct micro-continent from late 
Precambrian times citing lithostratigraphical correlation of sequences across Avalonia, whilst Gubanov 
(2002) argues that the Neoproterozoic supercontinent persisted into the early Cambrian on the basis of 
small shelly fossil distribution. 
McKerrow et al. (1992) provide early Cambrian continental reconstructions which show Avalonia off 
western Gondwana reflecting the similarities between trilobite faunas of the two areas at relatively low 
latitudes. Pollock et al. (2009) discuss the growing body of evidence that Avalonia was located off 
Amazonia rather than West Africa. Southern Britain was separated from northern Britain (forming part of 
Laurentia) by the Iapetus Ocean for much of the lower Palaeozoic and the Tornquist Sea separated 
Baltica (Scandinavia and north-eastern Europe) from the other two major continental areas in the region.  
Figs. 2 and 3 show palaeogeographic reconstructions for the early and middle Cambrian.  
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Figure 2 Palaeogeographic reconstruction at 540Ma  
(Reproduced with permission from Meert & Liebermann 2004) Abbreviations: SP: South Pole; 
Lau: Laurentia; Bal: Baltica; Sib: Siberia; Arm: Armorica; Ava: Avalonia 
 
 
 
 
 
 
 
 
 
Figure 3 Palaeogeographic reconstruction at 510Ma  
(Reproduced with permission from Meert & Liebermann 2004) 
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PALAEOGEOGRAPHY 
There are three main areas of exposure of Cambrian strata in England and Wales which represent 
different general palaeogeographic settings, summarised in Alvaro et al (2003) as: 
 Wales – basinal clastic sequences deposited in the Welsh basin representing generally deep 
marine environments with turbidites; 
 Welsh borderland – shallow water clastics with local limestones representing nearshore, 
shallow marine sediments laid down near the edge of the midland platform, followed by 
offshore marine deposits; 
 Nuneaton – outer shelf clastics deposited in extensional basins off the midlands platform 
following marine transgression. 
 
CAMBRIAN SUCCESSIONS AND DEPOSITIONAL ENVIRONMENTS IN SOUTHERN 
BRITAIN 
There are several detailed accounts of the Cambrian successions of southern Britain. These include 
general summaries covering the whole of the region including Brenchley et al. (2006) and in significantly 
more detail, including lithology and palaeontology of each division, Rushton (1974). Cowie et al. (1972) 
established correlation charts for the Cambrian successions of Britain which have recently been revised 
and updated (Rushton et al. 2011). Woodcock and Strachan (2000) summarised the tectonic setting and 
sedimentary processes of British Cambrian strata and Brasier et al. (1992) summarise the 
palaeogeography of the British Cambrian. Finally, Rushton et al. (2000) provide a summary of Cambrian 
stratigraphy along with detailed descriptions of key localities and exposures. 
There are also more detailed accounts of the geology of individual areas within southern Britain 
including for example Cobbold (1921), Cobbold & Pocock (1934) and Greig et al. (1968) for the 
Shropshire sections, Nicholas (1915) and Young et al. (1994) for St Tudwals, Matley and Wilson (1946), 
Allen & Jackson (1985) and Griffiths (1987) for the Harlech Dome, Harkness and Hicks (1871), 
Prigmore & Rushton (2000) and Cope & Rushton (1992) for South Wales, Groom (1902) and 
Stubblefield (1966) for Malvern and Bridge et al. (1998) for the Nuneaton area.  
A summary of the each of the main successions in the southern British Isles is set out in Appendix 1. 
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4 SYSTEMATIC PALAEONTOLOGY  
The approach to the taxonomic review varied dependent upon whether existing collections or new 
material were being reviewed and upon the state of preservation. The majority of the project has focussed 
on study of crack out specimens using a Brunel Microscopes BSR stereomicroscope and a Brunel 
Minicam digital camera and associated measurement software (Scopephoto). Initial review of material 
picked from phosphatic residues from the Comley limestone has also been undertaken using the same 
equipment. Further, the material has been imaged using a LEO 1455 Variable Pressure Scanning Electron 
Microscope (SEM) at the Natural History Museum, London and measurement of smaller specimens has 
been undertaken on images from the SEM using Scopephoto software.  
BIOMETRICS 
The taxonomic descriptions set out below include average measurements of valve lengths and widths. As 
most of the specimens reviewed are embedded in a rock matrix it is difficult to determine the 
commissural plane with certainty, particularly for example in ventral valves of acrotretid brachiopods, 
and therefore measurements included herein are estimates only.  
Measurements of morphological features are given as percentages of valve length or valve width where 
appropriate; in all cases these measurements refer to the maximum valve length and maximum valve 
width. Statistics are given as number of specimens, mean, median, standard deviation, minimum and 
maximum.  
The abbreviations used in the statistical measurements are W – maximum width; L – maximum length; 
L:W ratio – ratio of maximum Length to maximum width; Wmc – width of mantle canals at maximum 
divergence; Lmc – length of mantle canals measured from posterior margin; Wcm – width of cardinal 
muscle field; CM – width of individual cardinal muscle scars; Lcm – length of cardinal muscle field 
measured from posterior margin; WAP – maximum width of apical process; LAP – length of apical 
process; Pt – width of pedicle foramen/tube; Wsep – maximum width of median septum; Lsep – length of 
median septum.  
REPOSITORIES 
All specimens are referred to with a code for the repository in which they are stored, followed by that 
institution's registration number/identifier for the specimen. Institution codes used in this study are as 
follows: NHM - Natural History Museum, London; BGS – British Geological Survey, Keyworth; NMW - 
National Museum of Wales, Cardiff; SM - Sedgwick Museum, Cambridge University; OUMNH – 
Oxford University Museum of Natural History: BRSUG - University of Bristol. Where individual 
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specimen reference numbers contain several specimens, additional identifiers have been added where 
possible to the original museum reference number. 
37 species of linguliformean brachiopods, assigned to 23 genera are described herein; a further 19 taxa 
are recorded in open taxonomy. The stratigraphic range of each taxon described is summarised in Fig.4. 
Giving provisional names, three new genera, Svenjaella, Alexellus and Kayleigha are erected and nine 
new species are described, namely Svenjaella minuta, S. outwoodensis, Alexellus perforata, Kayleigha 
paisleyi, Eoobolus davidsoni, E. sedgwicki, E. huttoni, Linnarssonia? cobboldi and Hadrotreta rushtoni.  
DISCLAIMER: 
This manuscript is only produced for examination as a doctoral thesis. It is not a publication in the sense 
of the Intenrational Code of Zoological Nomenclature. 
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Figure 4 Stratigraphic range chart of lingulate brachiopods from the Cambrian of England and Wales 
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Subphylum LINGULIFORMEA Williams et al. 1996 
Class LINGULATA Gorjansky & Popov 1985 
Order LINGULIDA Waagen 1885 
Superfamily LINGULOIDEA Menke 1828 
Family OBOLIDAE King 1846 
Cocks (2008) noted that there are various British records of probable obolids whose generic assignment 
is in need of revision; those from the Cambrian period are revised herein as appropriate, except as set 
out below. 
Cobbold (1921) compared material from the Upper Comley Sandstone with O. schmalensei described 
from the middle Cambrian of Sweden (Walcott 1912). Review of Cobbold’s material confirms the view 
of Cocks (1978, p.12) that material described as Obolus? cf. schmalensei (Cobbold 1921, p. 340) is too 
poorly preserved for meaningful comparison, and should be considered an indeterminate obolid.  
Lingula pygmaea, described from the “Black shales” of the Hollybush Sandstone Formation (latest 
Terreneuvian to early Series 2) of the Malvern area by Salter (in Holl 1865) is excluded from the 
current review. Salter’s material has not been located; review of the description and images in Holl 
(1865) shows the species to be a very small, thin shelled indeterminate Obolid and, owing to its size is 
likely a juvenile specimen. The only reference in UK museum collections to the species is of a single 
distorted valve from the late Cambrian White Leaved Oak Shales (Series 3, Guzhangian stage to 
Furongian Series) of the Malvern area (OUM A00055); that valve is clearly not from the same 
formation as Salter’s missing specimens, and is also here considered to be too poorly preserved for 
determination. 
Lingulella primaeva, from the lower Cambrian of South Wales, is known only from tectonically 
distorted specimens which are difficult to characterise (Hicks 1871, Davidson 1883, Walcott 1912). 
Review of the material in this study suggests that it is best considered an indeterminate lingulid, and the 
species is here treated as a nomen dubium. All three of the above authors note that L. primaeva occurs 
with L. ferruginea but is a larger species; upon review in this study, most of the coeval L. ferruginea 
has been reassigned to other taxa. 
Subfamily OBOLINAE King 1846 
Genus LINGULELLA Salter 1866 
Type species: Lingula davisii McCoy 1851 (by subsequent designation of Dall 1870, p. 159); Ffestiniog 
Flags Formation (Furongian Series, Jiangshanian Stage) near Tremadog, Caernarfonshire and 
Merionethshire, Wales. 
Diagnosis: [After Sutton et al. 2000] Outline elongate oval to subquadrate, weakly biconvex, 
subequivalved, ventral valve typically subacuminate; thin shelled; ventral pseudointerarea with narrow, 
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subtriangular pedicle groove; propareas with well-defined flexure lines, raised only slightly above valve 
floor; visceral areas of both valves weakly impressed, dorsal interior with thin, low median myophragm 
in tongue of visceral area; both interiors deeply pitted; anterior lateral and central muscle scars set close 
together; vascula lateralia subperipheral to peripheral, not sharply divergent proximally; external shell 
without pitting, surface ornament of growth lines only. 
 
Occurrence: A cosmopolitan form in the Cambrian and Ordovician which has been used as a 
“wastebasket” taxon for a number of elongate obolid species which are in need of revision; exact 
stratigraphic and geographic range unknown. 
 
Lingulella davisii (M’Coy 1851) (Plate 3, figs. p-r; Plate 4, fig. r) 
1851  Tellinomya lingulae-comes M’coy, p.56 
1851 Lingula davisii M’coy; p. 405 
1852 Lingula davisii M’Coy; M’coy, p. 252, pl. 1L, figs. 7, 7a, 7b 
1852 Lingula ovata (M’Coy); M’coy, p. 254, pl. 1L, figs. 6, 6a (not M’coy 1846) 
1852 Tellinomya lingulicomes (M’coy); M’coy p. 274, pl. 1K, fig. 18 
1854 Lingula davisii McCoy; Murchison, p. 42 
1859  Lingula davisii McCoy; Murchison, p. 42, p. 45, fig. 1 
1866 Lingulella davisii (M’coy); Salter in Ramsay, p. 333, pl. 2, figs. 7-12, pl. 4, fig. 14 
1866 Lingulella davisii (M’coy); Davidson, p. 56 (part), pl. 4, figs. 1-11, 13-16 (not fig. 12) 
1867 Lingula (Lingulella) Davisii M’coy; Murchison, p.43, fig. 1 
1868 Lingulella davisii (M’coy); Davidson, p. 304, pl. 15, figs. 13-15 
1870 Lingulella davisii (M’coy); Dall, p. 159 
1872 Lingula (Lingulella) Davisii M’coy; Murchison, p. 43, fig. 1 
1873 Lingulella davisii (M’coy); Salter, p. 13 
1873 Tellinomya lingulaecomes M‘Coy. Salter, p. 13 
1898 Obolus (Lingulella) davisii (McCoy); Walcott, p. 394, pl. 27, figs. 1-4 
1912 Lingulella davisii (McCoy); Walcott, p. 489, pl. 31, figs 6, 6a-h {not pl. 30 figs. 2, 2a 
1978 Lingulella davisii (McCoy); Cocks, p. 14 
1981 Lingulella davisii (McCoy); Allen et al., pl. 16, figs. 7, 8 
1992 Lingulella davisii (McCoy); Cope and Rushton, figs 4t-w 
1995 Lingulella davisii (McCoy); Pratt et al., pl. 2, fig. e 
1997 Lingulella davisii (McCoy); Howells and Smith, pl. 2, figs. t, u 
1999 Lingulella davisii (M’Coy); Sutton  et al., pl. 4, fig. 9 
2000 Lingulella davisii (M’coy); Sutton et al., p. 433, figs. 1-10 
  2008 Lingulella davisii (McCoy); Cocks, p.9 
 
Lectotype: Selected by Cocks 1978, p. 14, SM A.489; probable original of M‘Coy, 1852, pl. 1L, fig. 7; 
Ffestiniog Flags Formation (Upper Cambrian; Furongian Series, Jiangshanian Stage) probably from 
outcrops at British National Grid Reference SH 5383 4025, south of Bryn Celynen wood, 
approximately 1 km west southwest of Penmorfa, near Tremadog, Caernarfonshire (Gwynedd), North 
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Wales.  As SM A489 comprises four blocks containing seven specimens of L. davisii, Sutton et al. 
(2000) designated the ventral valve illustrated in their Fig. 3.5 as the lectotype of L. davisii; the six 
remaining specimens in SM A489 are paralectotypes.  
Material, localities and horizons: In excess of 100 valves from the Ffestiniog Flags Formation, Lingula 
flags and Maentwrog Formation (Furongian Series, Paibian to Jiangshanian Stages) from north Wales. 
Much of the material assigned to Lingulella davisii is severely tectonically distorted and lacks detail in 
preservation. New material on which the revision of the species was based (Sutton et al.) has not been 
reviewed in this study. 
Diagnosis: [After Sutton et al. 2000] Outline subquadrate to suboval, length to width ratio 1.20 in 
ventral valves and 1.13 in dorsal valves. Ventral pseudointerarea 8 percent as long as valve medially, 
orthocline to weakly anacline in attitude. Dorsal pseudointerarea 7 percent as long as valve, procline in 
attitude. Vascula lateralia anteriorly convergent, enclosing 57 percent of maximum valve width in 
ventral valve, 66 percent in dorsal valve. Dorsal anterior lateral muscle scars (approximating to anterior 
margin of median tongue of visceral area) extending forward to 56 percent valve length. 
Note: Lingulella davisii has been recently reviewed in detail based mainly on new, undistorted material 
collected from the type locality and horizon from north Wales (Sutton et al. 2000). The present study 
has focussed on comparing additional material assigned to Lingulella davisii in museum collections to 
the description provided by Sutton et al. (2000). The description and discussion which follows is based 
on the least distorted material in museum collections only as much material is so distorted as to make 
meaningful comparison and description impossible. 
Description: [based only on least distorted material from museum collections] 
Ventral valve elongate, subquadrate to suboval; posterolateral margins almost straight, posterior margin 
short, gently rounded. Mean maximum length 15mm, mean maximum width 11.3mm, mean L:W ratio 
1.34 (Table 1). Ventral pseudointerarea divided by deep pedicle groove, widening anteriorly; propareas 
subtriangular with well defined flexure lines. 
Dorsal valve slightly elongate, subquadrate to oval; posterior margin more widely rounded than ventral 
valve. Mean maximum length 13.4mm, mean maximum width 11.0mm, mean L:W ratio 1.23 (Table 1).  
External ornament on both valves of weakly developed concentric growth lines. Visceral area of both 
vales with well developed, irregular pitting; usually preferentially developed along concentric growth 
lines. 
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 Ventral Dorsal 
Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio Length 
(mm) 
Width 
(mm) 
L:W ratio 
Number 34 34 34 6 6 6 
Mean 15.0 11.3 1.34 13.4 11.0 1.23 
Median 15.0 11.0 1.36 12.0 10.0 1.29 
St. Dev. 2.11 1.65 0.13 2.79 2.35 0.19 
Min 11.0 8.0 0.92 11.0 9.0 0.92 
Max 19.0 15.0 1.56 18.0 14.0 1.40 
 
Table 1 Valve measurements of Lingulella davisii   
Discussion: 
To avoid perpetuation of misunderstanding of the definitive characters of Lingulella, the synonymy list 
presented by Sutton et al. (2000) is restricted to publications in which L. davisii is illustrated from the 
type region, along with those references that give legal nomenclatorial definition to the taxon; this 
practice is followed herein. 
The internal morphology of most material assigned to L. davisii in museum collections is obscured by 
shell material adhering to both part and counterpart on most specimens (Sutton et al. 2000); acid 
dissolution techniques were applied to newly collected material, exposing valve interiors, and as a result 
Sutton et al. (2000) were able to provide a fuller description of the morphology of L. davisii than is 
possible on the collections reviewed in the present study. Further, the tectonic distortion of most 
material assigned to the taxon makes comparison against the type material impossible. 
The least distorted and best preserved material from museum collections reviewed in the present study 
accords well with the detailed description provided by Sutton et al. (2000) in respect of the outline of 
both valves, the nature of external ornament, the nature and distribution of internal pitting in the 
visceral area of both valves and the nature of the ventral pseudointerarea; it has not been possible to 
compare muscle scars and other internal features owing to lack of preservation in the present material. 
The biometric measurements in the present material differ from those presented by Sutton et al. (2000) 
from undistorted material; both valves are typically larger in the present material (ventral valves herein 
recorded as 15.0mm and dorsal valves 13.4mm on average compared to 12.2mm and 12.1mm 
respectively), although the mean lengths of the present material fall within the range of sizes recorded 
by Sutton  et al, (2000). Further, Length:Width ratios in the present material (1.34 and 1.23) vary only 
slightly from the data provided by Sutton  et al. (1.20 and 1.13). It is considered most likely that these 
differences may be as a result of partial deformation of some of the specimens measured in the present 
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study and the use of approximate measurements. Notwithstanding these differences in biometric 
measurements the museum material is assigned with confidence to L. davisii. 
The function of the pits typically found in the visceral area of this taxon remains unknown. In some 
specimens the pits are marked by the presence of pyrite and it possible that the pits could be a 
taphonomic artefact as opposed to a feature of the living animal, although why they would be 
preferentially preserved along concentric growth rings is unclear; further work is required to determine 
the nature and function of these pits. 
Lingulella? ferruginea Salter 1867 (Plate1, figs. 1-c) 
1867  Lingulella ferruginea Salter in Salter & Hicks, p. 340, fig. 1 
1867  Lingulella ferruginea var. ovalis Salter in Salter & Hicks, p. 341, figs. 2, 3 
1868  Lingulella ferruginea Salter; Davidson, p. 306, pl. 15, figs. 1-8 
1871 Lingulella ferruginea Salter; Davidson, p. 336, pl. 49, figs. 32-35 
1883 Lingulella ferruginea Salter; Davidson, pl. 17, fig. 35 
1978 Lingulella? ferruginea Salter; Cocks, p. 15 
2008  Oepikites? ferruginea (Salter); Cocks, p. 12, pl. 1, figs. 6, 7 
Lectotype: Lectotype of L. ferruginea selected by Cocks (2008), NHM BC 58299 from the “black flags” 
of the Lower Menevian Group (Series 3, Drumian Stage) of Pen-y-pleidiau, St Davids, Pembrokeshire, 
South Wales. Lectotype of L. ovalis selected by Cocks (2008), BC 58300 from the Menevian Group 
(Series 3, Drumian Stage), St David’s, South Wales.  
Material, localities and horizons: Two ventral valves from the Menevian Group (Series 3, Drumian – 
Guzhangian Stage) of St. Davids, South Wales; four ventral valves from the Abbey Shale Formation 
(Series 3, Drumian Stage) from the Nuneaton area, Warwickshire and a single ventral valve from the 
“Billingsella beds” of the Upper Comley Sandstone (Cobbold’s Bc Horizon; Series 3, Drumian-
Guzhangian Stage) from the Comley area, Shropshire. 
Occurrence in Britain: Known only from Cambrian Series 3, Drumian to Guzhangian stages of south 
Wales and the English Midlands. 
Occurrence elsewhere: Known only from the UK. 
Diagnosis: Ventral valves elongate sub-quadrate with more or less parallel lateral margins; anterior 
margin straight to very slightly convex. Acuminate with apical angle around 75-90o.  
Description: Ventral valve elongate sub-quadrate with triangular posterior portion (Plate 1a-c); 
acuminate, apical angle 75–90o; lateral margins more or less parallel from around one quarter of valve 
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length from posterior margin; anterior margin straight to very slightly convex. Ventral valve moderately 
convex, with maximum convexity medially, lateral margins somewhat flattened. External ornament of 
fine concentric growth rings. 
Mean ventral valve length 2.9mm, mean width 2.1mm and mean length:width ratio 1.40 (Table 2). 
Dorsal valve unknown. 
Measurement L (mm) W (mm) L:W ratio 
Number 4 5 4 
Mean 2.9 2.1 1.40 
Median 2.9 2.2 1.45 
St. Dev 0.2 0.1 0.11 
Min 2.8 2.0 1.27 
Max 3.1 2.2 1.48 
 
Table 2 Ventral valve measurements of L. ferruginea 
Discussion: 
As nothing is known of the internal morphology or dorsal valve of this species, its identification is 
based on its distinctive outline, which differs from other lingulate brachiopods from the British 
Cambrian in its elongate sub-quadrate shape and parallel lateral margins.  
In erecting the species, Salter (1867) identified a separate variety L. ferruginea var. ovalis with a more 
convex anterior margin. Davidson (1868, p. 307) was “quite at a loss to make out any distinctive 
features” between the two varieties and treated ovalis as a junior synonym; review of material assigned 
to ovalis in this study corroborates Davidson’s opinion.  
Cocks (2008) tentatively assigned the species to the genus Oepikites, without explanation; in view of 
the lack of available characters with which to compare it to any particular obolid genus, it is here 
retained within Lingulella with uncertainty. 
Material referred to Lingulella cf. ferruginea by Matley (in Cobbold 1911, p.300, pl. 26, figs. 5,6) is 
assigned to Wahwahlingula antiquissima and Eoobolus viridis herein. 
 
Lingulella? sp. (Plate 1, figs. d-e) 
Material, localities and horizons: Three ventral valves from the Lingula flags (Furongian Series, 
Paibian stage) of mid Wales and three ventral valves from the Ffestiniog Formation (Furongian Series, 
Jiangshanian stage) of north Wales. 
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Occurrence in Britain: Known only from the late Cambrian, Furongian Series of Wales. 
Occurrence elsewhere: Not known elsewhere.  
Description: 
Ventral valves large, mean length 18.8mm, mean width 10.0mm, mean L:W ratio 1.88 (Table 3). 
Ventral valve oval to subtriangular with short, sub-acuminate, slightly rounded posterior margin (Plate 
1d); apical angle in excess of 90o. Maximum width around mid-valve. Valves moderately convex. 
External ornament of regular concentric growth rings and fine radiating ribs. 
Measurement L (mm) W (mm) L:W ratio 
Number 5 5 5 
Mean 18.8 10.0 1.88 
Median 20.0 10.0 1.88 
St. Dev 2.7 1.2 0.15 
Min 15.0 8.0 1.54 
Max 21.0 11.0 2.10 
 
Table 3 Valve measurements of Lingulella? sp. 
Discussion: 
The elongate oval shape of the valve is indicative of the Obolidae and, whilst the elongate form is 
similar to that of Lingulella davisii, the latter is more sub-quadrate in outline and typically smaller. The 
distinguishing feature of this taxon is its size, with a mean length of 19mm and width of 10mm making 
it larger than other similar obolids from the British Cambrian. The present material is not sufficiently 
characterised for a firm generic assignment, or for the erection of a new specific name.  
Genus LINGULEPIS Hall 1863 
Type species: Lingula acuminata (Conrad 1839) from the Cambrian of New York (exact details 
unknown). 
Diagnosis: [After Holmer & Popov 2000] Shell strongly acuminate, subtriangular, unequivalved; 
ventral beak strongly elongate; pseudointerarea elongate triangular, with narrow pedicle groove and 
flexure lines; dorsal pseudointerarea poorly known; ventral visceral area short, not extending to mid 
valve; dorsal visceral area slightly thickened, extending to mid valve, bisected by two divergent ridges; 
ventral vascula lateralia strongly arcuate. 
Occurrence: Known from the middle Cambrian to Ordovician of North America, Europe, Greenland, 
Siberia and China. 
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Discussion: Lingulepis is a problematic genus which has been used as a repository for obolids 
characterised by their elongate nature, which would otherwise likely have been referred to Lingulella 
(Krause & Rowell 1975; Robson & Pratt 2007). Walcott (1912) considered that the only difference 
between the two genera was the marked attenuation of Lingulepis, which he regarded as a sub-genus of 
Lingulella. The revised diagnosis of Lingulella provided by Sutton et al. (2000) excludes Lingulepis 
from that genus (Robson & Pratt 2007), but the exact nature of the relationship between the two genera 
remains poorly understood. 
Lingulepis cf. acuminata (Conrad) (Plate 1, figs. f-k) 
1839 Lingula acuminata Conrad, p. 64 
1847 Lingula acuminata Conrad; Hall, p. 9 
1855 Lingula acuminata Conrad; Emmons, p. 203, pl. 4, fig. 9 
1863 Lingula acuminata Conrad; Chapman, p. 187 
1864 Lingula acuminata Conrad; Chapman, p. 159, fig. 155 
1895 Lingulepis acuminata (Conrad); Matthew, p. 257, pl. 2, figs. 5a-b 
1897 Lingulepis acuminata (Conrad); Schuchert, p. 259 
1897 Lingulepis acuminata (Conrad); Walcott, p. 404 
1912 Lingulella (Lingulepis) acuminata (Conrad); Walcott, p. 545, pl. 34, figs. 3, 3a-c, pl.  
 40, figs. 1, 1a-s, pl. 41, figs. 1, 1a-m, pl. 42, figs. 1, 1a-o 
1938 Lingulepis acuminata (Conrad); Ulrich and Cooper, p. 54 
2007 Lingulepis cf. acuminata (Conrad); Robson and Pratt, p. 30, pl. 20, figs. 5-11 
Holotype: Originally described from the “Calciferous sandrock” from an uncertain locality in New 
York. No type has been recorded and review of the type material is outside the scope of this study; as a 
result no type is designated herein. 
Material, localities and horizons: A total of 27 valves (20 ventral, seven dorsal). Three valves from the 
Menevian Group (Series 3, Drumian Stage), St. Davids, South Wales; three valves from the Shoot 
Rough Road Flags (Cobbold’s Bb5-Bc; Series 3, Guzhangian stage) of Comley, Shropshire; three 
valves from the Nant Pig Mudstone (Series 3, Drumian-Guzhangian stage) and seven from the Lingula 
flags (Furongian Series, Paibian Stage) of North Wales; ten valves from the Purley Shales (Series 3, 
Stage 5) of Nuneaton, English Midlands and one valve from an unknown formation in the Church 
Stretton 7 Borehole, Shropshire.  
Occurrence in Britain: Widespread in the traditional middle Cambrian of the Welsh Basin, Welsh 
borderland and the Midlands. 
Occurrence elsewhere: Recorded from the middle Cambrian to Ordovician of the United States and 
Canada. 
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Diagnosis: [After Robson & Pratt 2007] Shell thin, elongate oval, 1.5-2.0 times longer than wide. 
Ventral beak elongate, sharply acuminate, with straight margins, pseudointerarea with well developed 
flexure lines and narrow pedicle groove. Dorsal valve nearly elliptical in outline, with bluntly rounded 
beak; pseudointerarea short, crescent shaped, lacking propareas.  
Description: 
Ventral valves highly elongate oval to subtriangular (Plate 1i-1g), mean length 3.2mm, mean width 
1.9mm and mean L:W ratio 1.76 (Table 4); maximum width at or slightly anterior to mid valve; 
posterior beak elongate, acuminate, postero-lateral margins straight; apical angle 90o or less. Dorsal 
valves elongate oval to sub-elliptical, maximum width around mid valve; dorsal posterior margin short, 
bluntly rounded (Plate 1h, 1k). Equibiconvex; both valves low to moderately convex. 
 Ventral Dorsal 
Measurement L (mm) W (mm) L:W ratio L (mm) W (mm) L:W ratio 
Number 20 20 20 7 7 7 
Mean 3.2 1.9 1.76 3.0 1.9 1.58 
Median 3.1 1.8 1.76 2.8 1.8 1.56 
St. Dev 0.68 0.47 0.17 0.62 0.56 0.25 
Min 1.9 1 1.30 2.3 1.4 1.28 
Max 4.8 2.7 2.00 4 3 1.86 
 
Table 4 Valve measurements of L. cf. acuminata 
Ventral pseudointerarea divided by narrow median groove; propareas with well developed flexure lines 
(Plate 1j). Ventral visceral field circular, extending around 40% of valve length (Plate 1f). Dorsal 
interior with visceral area divided by two divergent ridges which extend to around mid valve (Plate 1h-
1k).  
External ornament of regularly spaced concentric growth lines. No further indication of ornamentation; 
outer shell material rarely preserved. Interior shell layers with fine radial striae (Plate 1f). 
Discussion: 
Walcott (1912) considered L. acuminata to be the senior synonym of a number of species described in 
the 19th Century (L. antiqua, L. prima, L. minima, L. pinnaformis, and L. dakotensis) and provides a 
fuller synonymy. Whilst considering their material to be synonymous with that illustrated by Walcott 
(1912), Robson & Pratt (2007) note that L. acuminata itself is in need of detailed re-examination and as 
a result only provisionally referred their material to L. cf. acuminata. The latter authors made no 
attempt to evaluate the validity of the full synonymy, pending formal revision of the type material of L. 
acuminata; such revision is the outside the scope of this study and, as a result, the full synonymy is not 
re-presented here.  
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The strongly acuminate ventral valve, presence of a narrow pedicle groove and flexure lines in the 
ventral valve and the two divergent ridges recorded in the dorsal interior, accord with the diagnosis for 
Lingulepis. Whilst similar in many respects to Lingulella, the present material differs in the marked 
attenuation of the beak and the lack of internal pitting characteristic of the type species of Lingulella 
(Sutton et al. 2000). Little else is known of the interior of L. acuminata; indeed the lack of internal 
features was considered characteristic of the species by Robson & Pratt (2007). The diagnostic 
differences between this and other taxa in the British Cambrian are the elongate valves (as proposed by 
Robson & Pratt, 2007; it is the only British Cambrian elongate oval to subtriangular obolid with a L:W 
ratio over 1.50), and the details of the extended and acuminate ventral beak, which possesses straight 
postero-lateral margins and an apical angle at or below 90o.  
The present material is larger than that recorded from South Dakota (Robson & Pratt 2007), but is 
similar in outline and L:W ratio to the figures of Walcott (1912) and Robson & Pratt (2007). There is 
considerable intra-specific variation in valve size and outline in the present material, but also in the 
material considered both Walcott (1912) and Robson & Pratt (2007). However, in view of difficulties in 
certainty arising from this level of variability, the size differences, and the need for revision of the type 
material (see Robson & Pratt 2007), the present material is only informally compared with the species. 
Genus SVENJAELLA Gen. Nov.  
Type species: Obolus parvus Walcott 1908 from the Lower Cambrian of the Rocky Mountains, Canada. 
Etymology: Named after my loving wife, Svenja, who has supported me so much throughout my PhD 
research. Pronunciation note: the “j” is pronounced as a “y”. 
Diagnosis: Micromorphic, thin-shelled; ventral valves elongate, teardrop shaped with short blunt 
posterior margin; dorsal valves subcircular; ventral pseudointerarea with deep narrow pedicle groove; 
ventral propareas elevated above valve floor, lacking flexure lines; ventral vascula lateralia baculate, 
diverging anteriorly; dorsal pseudointerarea well developed, apsacline, undivided, low, raised from 
valve floor; dorsal median ridge variably developed. Shell structure columnar. 
Occurrence in Southern Britain: Recorded herein, and by Cobbold (1921) and Hinz (1987) from the 
Comley Limestone of Shropshire, England. 
Discussion: The material described here is very similar to the diagnosis of Obolus set out in Holmer & 
Popov (2000), although Obolus is considered to be endemic to Baltoscandia (Holmer et al. 1996; 
Holmer & Popov 2000). Obolus was recorded in the Cambrian of Shropshire by Cobbold (1921) and 
Hinz (1987) although these taxa have been subsequently reassigned to other genera as summarised by 
Cocks (2008). There are few other obolids which are typically small, with none identified as being sub-
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millimetre in size. Whilst scale is not necessarily a strong characteristic for classification of brachiopods 
at generic level, the most notable feature of this material is its very small size. The clear distinction 
between the smooth larval shell and post larval shell indicate that these are not larval and the numerous 
growth lines developed on the post larval shell indicate that they are not juveniles. Dicellomus is 
described as small but has a vestigial dorsal pseudointerarea unlike the present material and whilst 
Foveola is similar in many characteristics, is not only typically larger but also has a coarsely pitted 
post-larval shell (Holmer & Popov 2000).  
The presence of columnar structure in this material is critical to the erection of a new genus; Obolus 
apollinis, the type species of Obolus, has baculate shell structure (Nemliher et al. 2004; Williams and 
Cusack 1999, Fig 6a-d). Columnar structures were considered to be restricted to the acrotretoids but 
Streng et al. (2008) describe columnar shell structures from linguloid brachiopods, and discuss the 
implications for linguloid classification, indicating that columnar shell structures may be more common 
than previously thought.  
Although Cocks (2008) tentatively assigned Obolus parvulus to Eoobolus, the material described here 
lacks the divided dorsal pseudointerarea and well developed flexure lines of that genus (Holmer & 
Popov 2000, Balthasar 2009). It also lacks the finely-pitted larval shell and pustulose post-larval shell 
typical of the genus (Holmer et al., 1996), although other Eoobolus species have been recorded that also 
lack this ornament (e.g. E. aff. Viridis, Topper 2006). Balthasar (2009) suggested that Eoobolus should 
be assigned to the Zhanatellidae, a family characterised by a baculate shell structure unlike that 
observed here. Streng et al. (2008) consider that further work is required on the shell structure of the 
type species of the Eoobolidae whilst noting that a baculate shell structure is most likely for Eoobolids.  
Columnar shell structure has also been reported from the Lingulellotretidae (Cusack et al. 1999), 
although baculate structures have also been recorded, and the Kyrshabaktellidae (Kruse 1991, 1998; 
Ushatinskaya 1995; Skovsted and Holmer 2006). The present material does not belong in the 
Lingulellotretidae as that family is characterised by a pedicle foramen and pedicle tube which are absent 
here; nor is it similar to the Kyrshabaktellidae which have flexure lines, large semi-circular ventral 
emarginature and smooth exterior surfaces. As the present material is similar to Obolus it is placed 
within the Obolidae, and represents the first record of columnar shell structure from this family. 
However, as noted by Streng et al. (2008) and Balthasar (2009) there is insufficient data on the 
taxonomic distribution of different shell-structures within the linguloids; further work is required to 
clarify its significance.  
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Svenjaella parvus (Walcott, 1908) (Plate 3, figs. a-o) 
1908 Obolus parvus Walcott p. 61-62, pl. VII figs. 10 and 10a 
1912 Obolus parvus, Walcott, p.408, text figs. 37 a-b 
1921 Obolus parvulus, Cobbold, p.338, pl.22, figs. 13-19 
1978 Obolus parvulus, Cocks, p.11 
1984 Obolus parvulus, Hinz, p.31, pl.4, figs. 9-15 
1987 Obolus parvulus, Hinz, p.49, pl.12, figs. 5, 9-11 
2008 Eoobolus? parvulus, Cocks, p.18 
  
Holotype: Walcott (1908) erected the new species Obolus parvus but did not identify a Holotype. 
Lectotype designated herein as 51400a (US National Museum Catalogue) from lower Cambrian Shale, 
Mt Bosworth, British Columbia (Walcott, 1908; Fig. 10, pl. 7). Cocks (2008) recorded the holotype of 
O. parvulus (Cobbold, 1921) as SM A312, from the Lower Comley Limestone Fm (Horizon Ac2) 
(Comley Series: Lower Cambrian, Series 2) of Comley, near Church Stretton, Shropshire. Grid Ref. SO 
484 965 approx. 
Material, localities and horizons: 26 valves (12 ventral and 14 dorsal) from undifferentiated Comley 
Limestone (Cambrian, Series 2; traditional Lower Cambrian of British usage) of Comley Quarry 
Shropshire. Material referenced as slides PW(B)1 and PW(B)2 deposited at University of Bristol and 
PW3 deposited at the Oxford University Museum of Natural History.  
A further 63 valves were described by Hinz (1987) and there are 13 matrix hosted specimens in 
museum collections from the Comley Limestone. Unfortunately the material described by Hinz has 
been unavailable in the present review.  
Diagnosis: As for genus, with dorsal valve lacking median ridge. 
Description [Based on material dissolved from Comley limestone]: 
Small, thin-shelled. Mean ventral valve length 1039µm, width 928µm, length:width ratio 1.13; Mean 
dorsal valve length 1196µm, width 1124µm, length:width ratio 1.06. Further valve size statistics are 
given in Table 5.  
 Ventral Dorsal 
Measurement L (µm) W (µm) L:W ratio L (µm) W (µm) L:W ratio 
Number 6 6 6 4 4 4 
Mean 1039 928 1.13 1196 1124 1.06 
Median 1035 925 1.11 1172 1119 1.05 
St. Dev 91 117 0.09 128 99 0.03 
Min 888 800 1.02 1085 1036 1.04 
Max 1160 1136 1.28 1354 1222 1.11 
 
Table 5 Valve measurements of Svenjaella parvus 
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Ventral valves typically slightly elongate, tear-drop shaped, tapering posteriorly but with short, blunt 
posterior margin, where pedicle groove terminates; dorsal valves subcircular with rounded posterior 
margin. Both valves moderately convex; more or less equibiconvex. Maximum width of both valves 
anterior of mid valve, located at around two thirds of valve length. 
Ventral pseudointerarea with narrow, deep pedicle groove which expands slightly anteriorly; elevated 
propareas, lacking flexure lines (Plate 3b). Maximum width of pedicle groove represents 12% of valve 
width. Ventral pseudointerarea extends on average 28% of valve length. 
Dorsal pseudointerarea well developed, apsacline; low, raised above valve floor (Plate 3h, 3i); 
undivided; typically with straight anterior margin though with some variation; extends approximately 
one quarter of valve length medially. Dorsal valves lack median ridge.  
Measurement Ventral Dorsal Ventral Pedicle groove 
 Length 
(µm) 
Length 
%  
Length 
(µm) 
Length % Min. width 
(µm) 
Max. width 
(µm) 
Number 3 3 1 1 3 4 
Mean 292 28% 317 23% 69 113 
Median 295 27% - - 67 114 
St. Dev 52 5% - - 7 14 
Min 238 23% - - 63 100 
Max 342 33% - - 77 126 
 
Table 6 Pseudointerarea measurements of Svenjaella parvus 
Ventral vascula lateralia baculate, extending beyond mid valve, submarginal and diverging anteriorly 
(Plate 3a). Dorsal mantle canals unknown. Pedicle nerve traces (Plate 3b, 3c, 3e) extend approximately 
one third of valve length. Possible posterior muscle scars noted in one ventral valve (Plate 3b); 
elongate, placed anterior to pseudointerarea and approximately mid-way between medial line and valve 
margin (Plate 3b). Visceral region in both valves more or less circular, extending approximately to mid 
valve (Plate 3c, 3j).  
Valves typically thin, formed of only two to three layers of shell (Plate 3c); external ornament of 
concentric growth lines visible both internally and externally on the post larval shell. Columnar shell 
structure identified with laminae supported by short columns (Plate 3b, 3d, 3k, 3l).  
Smooth larval shell clearly delineated from post-larval shell with well developed, coarse concentric 
growth lines or rugae (Plate 3o) and radiating striae which, when crossing concentric growth lines, leads 
to development of nick points and a crenulated pattern of growth lines (Plate 3f, 3g). No other 
indication of ornamentation on either larval or post larval shell. Ventral larval shells typically 
subcircular, on average 375µm long and 358µm wide, average length:width ratio 1.05 indicating a 
change in ventral shell outline during ontogeny. Dorsal larval shells typically more or less circular, 
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mean size in sample larger than ventral larval shells, on average 434µm long and 426µm wide; this 
difference is interpreted as a taphonomic bias. Average length:width ratio of 1.02 similar to adult shells. 
Measurement Larval shell 
length (µm) 
Larval Shell 
width (µm) 
Larval shell 
L:W ratio 
Ventral 
Number 10 10 10 
Mean 375 358 1.05 
Median 371 366 1.03 
St. Dev 94 79 0.09 
Min 227 222 0.90 
Max 519 446 1.20 
Dorsal 
Number 13 13 13 
Mean 434 426 1.02 
Median 429 424 1.02 
St. Dev 68.2 59.4 0.05 
Min 330 327 0.88 
Max 535 518 1.07 
 
Table 7 Larval shell measurements of Svenjaella parvus 
Discussion:  
Cobbold (1921) and Hinz (1984; 1987) described Obolus parvulus, characterised by its small size, from 
the Comley Limestone. Cobbold (1921) states that the valves range in size from 0.9mm to 2.35mm in 
length and, although Hinz does not provide measurements in her descriptions, measurement of images 
in Hinz (1987) indicates that the average size of specimens imaged was 939µm long and 819µm wide. 
Walcott (1908; 1912) described Obolus parvus from the Lower Cambrian of Alberta, Canada, a small 
taxon with average diameters of 1.5-2mm, of which nothing was known of the interior. The exterior 
showed “minute concentric striae of growth and an exceedingly fine network of irregular lines...” 
(Walcott 1912, p. 408) which is similar to the appearance of the present material. Although Cobbold 
(1921) considered there to be differences in outline of the dorsal valve and the median ridge from 
Walcott’s material, these differences are not recognised in the present study. The material described by 
Walcott is sufficiently similar to that described by Cobbold and herein to suggest that O. parvulus is a 
junior synonym of O. parvus, although Walcott’s material has not been restudied. The original figures 
from Walcott (1908; plate 7, figs. 10 and 10a) are reproduced in Fig 5. 
 
Figure 5 Images of O. parvus from Walcott (1908) 
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Svenjaella minuta sp. nov (Plate 4, figs. a-q) 
1984 Obolus n.sp. Hinz, p.32, pl.4 figs. 16-19, pl.5 figs. 1-3 
 
Holotype: PWB(2)-1 (ventral valve) from undifferentiated Comley Limestone (Cambrian, Series 2). 
Deposited at University of Bristol. 
Etymology: Species name minuta reflects that this taxon is smaller even than S. parvus. 
Material, localities and horizons: 47 valves (32 ventral and 15 dorsal) from undifferentiated Comley 
Limestone (Series 2) of Comley Quarry Shropshire. Material referenced as slides PW(B)1, PW(B)2, 
PW(B)5 and PW(B)6 deposited at University of Bristol and PW3 deposited at the Oxford University 
Museum of Natural History. 
Diagnosis: Valves and larval shells consistently smaller than Svenjaella parvus; ventral larval shell sub-
triangular with external ridge marking location of interior pedicle groove; larval shell with imprints of 
polygonal/sub-circular ornamentation; marked ridge at margin of larval and post-larval shell; dorsal 
valve with median ridge. 
Description: 
Very small, thin-shelled valves. Mean ventral valve length 573µm, width 481µm, length:width ratio 
1.19; Mean dorsal valve length 553µm, width 503µm, length:width ratio 1.11. Further valve size 
statistics are given in Table 8.  
 Ventral Dorsal 
Measurement L (µm) W (µm) L:W ratio L (µm) W (µm) L:W ratio 
Number 32 32 32 15 15 15 
Mean 573 481 1.19 553 503 1.11 
Median 559 471 1.18 542 492 1.11 
St. Dev. 78 59 0.08 64.46 63.01 0.05 
Min 449 382 1.06 440 403 1.05 
Max 761 606 1.45 701 655 1.21 
 
Table 8 Valve measurements of Svenjaella minuta  
Ventral valves sub-circular to slightly elongate tear drop shaped (Plate 4p), tapering posteriorly but with 
short blunt posterior margin, where pedicle groove terminates; dorsal valves slightly elongate with 
rounded posterior margin. Both valves moderately convex; more or less equibiconvex. Maximum width 
of both valves anterior to mid valve, located at around two thirds of valve length. 
Ventral pseudointerarea with narrow, deep pedicle groove which widens anteriorly from mean width of 
63µm at posterior margin to mean maximum of 82µm; propareas elevated, lacking flexure lines (Plate 
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4a, 4i). Maximum width of pedicle groove represents on average 14% of valve width. Ventral 
pseudointerarea extends medially on average 18% of valve length. 
Dorsal pseudointerarea (Plate 4h, 4q) well developed, apsacline; low, raised above valve floor, 
undivided; typically with straight anterior margin though with some variation; extends on average 12% 
of valve length medially. Variably developed median ridge extending around half of valve length, 
raised slightly from valve floor (Plate 4d, 4h, 4n). Visceral region circular, extending to around mid-
valve (Plate 4b). 
Measurement Ventral Dorsal Ventral Pedicle groove 
 Length 
(µm) 
Length 
% 
Length 
(µm) 
Length % Min width 
(µm) 
Max width 
(µm) 
Number 9 9 12 10 9 9 
Mean 104 18% 77 12% 63 82 
Median 97 17% 80 12% 63 81 
St. Dev 31 3% 36 4% 6 17 
Min 79 15% 39 7% 54 60 
Max 178 24% 157 17% 74 117 
 
Table 9 Pseudointerarea measurements of Svenjaella minuta 
Ventral vascula lateralia noted on only one ventral valve; baculate, extending 47% of valve length, 
submarginal, diverging anteriorly (Plate 4a). No further interior morphology identified; nothing is 
known of the muscle pattern of either valve, or of mantle canals from dorsal valves. 
Valves typically thin, formed of only two to three layers of shell (Plate 4h, 4j, 4o); ornament of 
concentric growth lines visible internally and externally on some specimens (Plate 4b). Shell structure 
columnar, though not well preserved (Plate 4h, 4o).  
Smooth larval shell clearly delineated from post larval shell with well developed, coarse concentric 
growth lines or rugae (Plate 4c, 4e-g), with radial striae leading to development of nick points and 
crenulated growth lines. Imprints of polygonal/subcircular ornamentation on ventral larval shells (Plate 
4k-l); no evidence of any ornamentation other than growth lines on post larval shell or on dorsal valves.  
Ventral larval shells typically sub-triangular; mean length 208µm, mean width 191µm, mean 
length:width ratio 1.11; marked sub-triangular ridge on ventral larval shell apparently marks site of  
pedicle groove (“pedicle ridge”), terminating at blunt posterior margin. Margin of larval shell and adult 
shell marked by clear ridge. Larval shell shows indications of radiating ornament at anterior margin, 
merging into adult shell; radiating ribs noted on either side of “pedicle ridge” at posterior margin (Plate 
4k-l). 
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Dorsal larval shells subcircular; mean length 175µm, mean width 207µm, mean length:width ratio 0.85, 
indicating a change in dorsal shell outline during ontogeny possibly to accommodate the developing 
pedicle.  
Measurement Larval shell 
length (µm) 
Larval Shell 
width (µm) 
Larval shell 
L:W ratio 
Ventral 
Number 23 23 23 
Mean 208 191 1.11 
Median 203 183 1.12 
St. Dev 26 29 0.16 
Min 159 136 0.81 
Max 264 256 1.45 
Dorsal 
Number 8 8 8 
Mean 175 207 0.85 
Median 185 222 0.82 
St. Dev 30 35 0.08 
Min 116 149 0.76 
Max 216 238 0.97 
 
Table 10 Larval shell measurements of Svenjaella minuta 
Polygonal mosaics well preserved on interior surface of three dorsal and one ventral valve (Plate 4a); 
mosaic comprised typically of well formed pentagons measuring approximately 17-19µm across in 
dorsal valves, 11µm in ventral valve. Winrow and Sutton (2012) demonstrated that these mosaics 
represent moulds of mantle epithelium in acrotretid brachiopods from the Comley Limestone; the 
mosaics identified here are very similar in size and nature. 
Discussion  
Hinz (1984) described Obolus n. sp., a very small obolid, which had average lengths of 498µm 
(measurements taken from images), based on 12 specimens from the Comley Limestone, although this 
taxon was not included her published monograph (Hinz, 1987). The material described here is 
indistinguishable in size and morphology from that described in Hinz (1984).  
Whilst this material is very similar to Svenjaella parvus described above, there are a number of 
morphological differences, most notably in the nature of the larval shell which in this taxon has a clear 
ridge which appears to mark the path of the pedicle, and the ornamentation of the larval shell. Valves of 
S. minuta are consistently smaller and the larval shells are approximately half the size of S. parvus. The 
proportion of valve length represented by the larval shell is more or less consistent between the two 
taxa; if S. parvus represented adult stages of S. minuta, the larval shell should represent a smaller 
proportion of valve length. The length of the pseudointerarea (18% and 12% of valve length in S. 
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minuta and 28% and 23% in S. parvus) is clearly different between the two taxa. Whilst there are no 
significant differences in the L:W ratio of full valves, the L:W ratio of larval shells shows some 
variation with ventral larval shells being more elongate in S. minuta and dorsal valves more circular in 
S. parvus; Fig. 6 demonstrates discontinuity between samples in larval-shell measurements. These 
differences are here considered sufficient for the erection of a second species. 
 
Figure 6 Graph showing length:width plot of dorsal larval shells of Svenjaella parvus and 
Svenjaella minuta 
 
Svenjaella? outwoodensis sp. nov.  (Plate 2, figs. n-q) 
Holotype: BGS Te20; exterior of ventral valve from the Outwoods Shale Formation (Furongian Series, 
Paibian Stage) of the Nuneaton area, Warwickshire (exact locality unknown). 
Etymology: Named for the rock formation in which it is exclusively found. 
Material, localities and horizons: Five ventral and two dorsal valves from the Outwoods Shale 
Formation (Furongian Series, Paibian Stage) of the Nuneaton area, Warwickshire. 
Occurrence in Britain: Known only from the Outwoods Shale Formation of the Nuneaton area. 
Diagnosis: Both valves small; elongate oval to subtriangular, low convex. Ventral valve with short, 
sub-acuminate posterior margin; dorsal valve with short, rounded posterior margin. 
Description: 
Both valves small, mean length 1.4mm, elongate oval to subtriangular, maximum width anterior to mid 
valve between 50-70% from posterior margin; low convex. Ventral valve mean L:W ratio 1.29; 
posterior margin short, sub-acuminate with apical angle around 100-110o (Plate 2o). Mean dorsal valve 
L:W ratio 1.22; posterior margin short, rounded (Plate 2n). 
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 Ventral Dorsal 
Measurement L (mm) W (mm) L:W ratio L (mm) W (mm) L:W ratio 
Number 4 4 4 2 2 2 
Mean 1.4 1.1 1.29 1.4 1.2 1.22 
Median 1.5 1.2 1.25 n/a n/a n/a 
St. Dev 0.2 0.1 0.08 0.3 0.2 0.02 
Min 1.2 1.0 1.20 1.2 1.0 1.20 
Max 1.6 1.2 1.40 1.6 1.3 1.23 
 
Table 11 Valve measurements of Svenjaella? outwoodensis 
External ornament of regular concentric growth lines (Plate 2p). 
Discussion: 
Although the general nature and shape of the valves, being elongate oval to subtriangular, low convex 
and with a short posterior margin, and the ornament of concentric growth rings is suggestive of the 
Obolidae, the material is poorly preserved in all cases and no internal morphological features are 
known. The development of numerous concentric growth lines (Plate 2p) suggests that, despite their 
small size, these specimens do not represent the juvenile stage of another taxon.  
This material is similar to Svenjaella parvus, described from the much younger Comley Limestone, but 
is slightly larger than Svenjaella parvus (on average 1.4mm compared to 1mm) and has a higher mean 
length:width ratio (1.29 compared to 1.13). These differences allow specific differentiation. In view of 
the limited data available, this material is assigned to Svenjaella with uncertainty. 
 
Genus OBOLUS von Eichwald 1829 
Type species: Obolus appolinis von Eichwald 1829  
Diagnosis: [After Holmer & Popov 2000] Shell circular to rounded triangular, dorsibiconvex to 
subequally biconvex; ventral propareas with deep, narrow pedicle groove; dorsal pseudointerarea 
lacking flexure lines; visceral area of both valves weakly thickened, extending to mid valve; dorsal 
median ridge vestigial or absent; vascula lateralia of both valves submarginal, arcuate. 
Occurrence: Known from the Middle Cambrian to Tremadoc of Russia and Estonia; considered by 
Holmer et al. (1986) and Holmer & Popov (2000) to be endemic to Baltoscandia. 
Obolus? gibbosus Cobbold, 1921 (Plate 1, fig. r; Plate 2, fig. a) 
1921  Obolus? gibbosus Cobbold, p. 339, pl. 22, figs. 20, 21 
1978  Obolus? gibbosus Cobbold; Cocks, p. 11 
2008 Dysoristus? gibbosus (Cobbold); Cocks, p. 21 
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Holotype: SM A325 from the Shoot-Rough Road Flags Formation (Cobbold’s Bb5-Bc, Series 3, 
Guzhangian stage), Comley, Shropshire. Grid Ref. SO 488 964. 
Material, localities and horizons: One ventral and one dorsal valve from the Shoot Rough Road Flags 
Formation (Cobbold’s Bb5-Bc; Series 3, Guzhangian stage) from Comley, Shropshire. 
Occurrence in Britain: Known only from the Shoot-Rough Road Flags Formation (Cobbold’s Bb5-Bc, 
Series 3, Guzhangian stage) from Comley, Shropshire. 
Occurrence elsewhere: Not known outside of the Comley area.  
Diagnosis: Both valves elongate oval; ventral valve with sub-acuminate posterior margin, apical angle 
above 90o; dorsal valve with short rounded posterior margin. Both valves moderately convex; dorsal 
valve with slightly flattened postero-lateral margins. Dorsal valve with fine, radiating striae on interior. 
Description: 
Ventral valve elongate oval to slightly pear shaped; posterior margin sub-acuminate, apical angle above 
90o. Maximum width at around two thirds of valve length from posterior (Plate 2a); ventral valve 
2.24mm long, 1.53mm wide, L:W ratio 1.46.  
Dorsal valve elongate oval; posterior margin short, rounded; maximum width around two thirds of 
valve length from posterior (Plate 1r). Dorsal valve 2.21mm long, 1.77mm wide, L:W ratio 1.25. 
Both valves moderately convex; dorsal valve postero-lateral margins slightly flattened; circular visceral 
area extending to approximately half of valve length from posterior (Plate 1r). 
Shell composed of at least three layers. External ornament of concentric growth rings, with prominent 
growth rings at posterior margin of both valves; interior of dorsal valves with fine, radiating striae 
(Plate 1r). 
Discussion: 
Cobbold (1921) originally described this taxon based on four valves, but only two have been located in 
the present study; this material accords with Cobbold’s description. 
Although Cocks (2008) tentatively assigned this species to Dysoristus, there is no evidence of the 
characteristic circular foramen or apical plate of that genus (Holmer & Popov 2000); furthermore, 
Dysoristus, is known only from younger strata from the Upper Cambrian of the USA and Kazakhstan. 
Although the general outline and nature of the present material is not unlike both Dicellomus and 
Holmerellus reported from the middle Cambrian of South Dakota, USA (Robson and Pratt 2007), the 
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lack of internal morphology makes a full comparison impossible. As there is insufficient morphological 
evidence on which to revise the taxonomy, this material is here retained in the genus Obolus with 
uncertainty, notwithstanding that Obolus is now considered endemic to Baltoscandia (Holmer et al. 
1986, Holmer & Popov 2000). 
 
Subfamily ELLIPTOGLOSSINAE Popov & Holmer 1994 
Genus ELLIPTOGLOSSA Cooper 1956 
Type species: Leptobolus? ovalis Bassler, 1919, from the Martinsburg Fm (Caradoc) of Pennsylvania, 
U.S.A. Range: Tremadocian to Lower Ashgill. 
Diagnosis: Shell equivalved, elongate oval; larval shell smooth; pseudointerareas of both valves 
vestigial; visceral areas of both valves extending anterior to mid-valve, weakly impressed, not 
thickened; both valves with distinct limbus. 
Occurrence: Previously recorded from the Ordovician (Tremadoc to lower Ashgill) of Baltica, 
Kazakhstan, Britain and Australia. 
Elliptoglossa? sp. (Plate 1, figs. l-q) 
Material, localities and horizons: One complete and one partial ventral valve and four dorsal valves 
from the Lingula Flags (Furongian Series, Paibian Stage) of north Wales. 
Occurrence in Britain: Known only from the Furongian Series, Paibian stage of north Wales. 
Occurrence elsewhere: Not known elsewhere. 
Description: 
Ventral valve highly elongate oval (Plate 1l); maximum length 7.3mm, maximum width 3.4mm, L:W 
ratio 2.15; posterior margin short, gently convex; anterior margin wide, convex. Ventral valve low to 
moderately convex, maximum height 0.6mm at around one quarter valve length from posterior, H:L 
ratio 0.08; maximum convexity along medial axis of valve, anterior portion gently convex. 
Dorsal valve highly elongate oval (Plate 1n); mean maximum length 6mm, mean maximum width 
3.2mm and mean L:W ratio 1.86; posterior margin short, straight to very gently convex; anterior margin 
wide, convex. Dorsal valve low convex, maximum height 0.3mm at around one quarter valve length 
from posterior, H:L ratio 0.04; maximum convexity along medial axis of valve, anterior portion gently 
convex. 
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 Ventral Dorsal 
Measurement L (mm) W (mm) L:W ratio L (mm) W (mm) L:W ratio 
Number 1 1 1 4 4 4 
Mean 7.3 3.4 2.15 6.0 3.2 1.86 
Median n/a n/a n/a 6.1 3.2 1.87 
St. Dev n/a n/a n/a 0.14 0.13 0.05 
Min n/a n/a n/a 5.8 3.1 1.79 
Max n/a n/a n/a 6.1 3.4 1.91 
 
Table 12 Valve measurements of Elliptoglossa? sp. 
Larval shell of both valves circular, smooth (Plate 1m-o). Ventral larval shell approximately 0.3mm in 
diameter; dorsal larval shell approximately 0.5mm in diameter. Larval and post-larval shell margin 
clearly marked by onset of post-larval concentric ornament. 
Post-larval external ornament of fine, regularly spaced concentric growth rings, approximately 10µm 
apart, and fine radial striae. Intersections between striae and growth rings developed as nick points, 
giving growth rings crenulated appearance (Plate 1p). Growth rings coarser at posterior margin of 
valve, where they converge (Plate 1o).  
Interior of valves unknown. 
Discussion: 
The smooth larval shell precludes assignment to Eoobolidae and Zhanatellidae and the general 
morphology of these valves is strongly indicative of Obolidae. Although similar to members of the 
Glossellinae, the present material lacks the papillose ornament commonly found in that subfamily, and 
suggests instead that this material should be assigned to the Obolinae or Elliptoglossinae. 
Although the present material resembles a number of taxa from the Obolinae and Glossellinae, it can be 
distinguished from them for a number of reasons. It is similar in outline to Anomaloglossa (known from 
the late Ordovician of Australia), although the concentric growth rings on that genus are coarser. The 
much younger Tarutiglossa, known from the Devonian, is more broadly subrectangular; the present 
material lacks the papillose ornament of Leontiella and has a more convex posterior margin; whilst the 
dorsal valves of Tunisiglossa are very similar to the dorsal valves of the present material, the ventral 
valve has a more elongate, acuminate posterior margin and whilst Vassilkovia also has concentric 
growth rings crossed by radial lines, the present material lacks the granulose ornament and pitted larval 
shell.  
The valve outline is most similar to the members of the Elliptoglossinae, which are characterised by a 
vestigial pseudointerarea in both valves and a distinct limbus; although the present material has 
flattened margins, there is no evidence that they form a distinct limbus as valve interiors are unknown. 
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As nothing is known of the interior of the present material it is only tentatively assigned to 
Elliptoglossa, which was previously only known from the early Ordovician and has been recorded in 
the Tremadoc of England (Popov & Holmer 1994). 
The difference in the size of larval shells recorded is considered to represent intraspecific variance and 
the data provided is affected by the small sample size. 
Family EOOBOLIDAE Holmer, Popov & Wrona 1996  
Genus EOOBOLUS Matthew, 1902  
Type species: Obolus triparilis Matthew 1902 as selected by Rowell (1965). 
Diagnosis: [After Balthasar 2009] Shell inequivalved, dorsibiconvex, elongate suboval to subcircular; 
pedicle groove deep, narrow, subtriangular; both valves with well-developed flexure lines; dorsal 
pseudointerarea moderately high with broad median groove; visceral areas of both valves slightly 
thickened anteriorly; dorsal valve usually with fine median ridge and pair of submedian ridges bisecting 
visceral field; ventral vascula media submarginal, arcuate; adult shell surface is finely pitted and 
exhibits a pustulose ornament; posterior margin of pedicle groove sometimes secondarily enlarged to 
form a slight emarginature; ventral visceral area with a short median anterior projection around which 
five muscle scars are grouped. 
Occurrence: Known from the Lower – Middle Cambrian of Canada, Nova Scotia, Pakistan, USA, 
Russia, Siberia and Australia. Described herein for the first time in the UK. 
Eoobolus davidsoni sp. nov. (Plate 5, figs. a-r) 
Holotype: Ventral valve from the Strenuella Limestone (Cobbold’s Ac4) to Protolenus Limestone 
(Cobbold’s Ac5) of the Comley Limestone of the Comley area, Shropshire; PW3-2, deposited at the 
Oxford University Museum of Natural History. 
Etymology: Species named after Thomas Davidson who laid the groundwork for understanding of 
British Brachiopods in the late 19th Century, publishing his Monograph on British Fossil Brachiopods in 
several volumes (Davidson 1866 – 1883). 
Material, localities and horizons: 44 valves (28 ventral and 16 dorsal), mostly fragmented, from the 
Strenuella Limestone (Cobbold’s Ac4) to Protolenus Limestone (Cobbold’s Ac5) of the Comley 
Limestone (Cambrian, Series 2, Stage 4) from the Comley area Shropshire, England. Material 
referenced as slides PW3 and PW5 deposited at the Oxford University Museum of Natural History.  
Diagnosis: Ventral valves elongate suboval to subtriangular, subacuminate, apical angle over 100O; 
dorsal valve elongate oval. Ventral pedicle groove deep, narrow, widening significantly anteriorly to 
three times its posterior width; ventral propareas diverging at around 90 O. Dorsal pseudointerarea 
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orthocline, low, undivided, with convex anterior margin. Larval shell pitted; post larval shell with 
pustulose ornament. Ventral vascula lateralia arcuate, peripherally located. Dorsal visceral area short, 
with two short median anterior projections; vascula media short, diverging anteriorly; dorsal vascula 
lateralia sub-peripherally located, gently arcuate. 
Description  
Ventral valves elongate oval to sub-triangular, posterior margin sub-acuminate, obtuse apical angle over 
100O; mean length 1.7mm, mean width 1.2mm, mean length:width ratio 1.49. Dorsal valves elongate 
oval, posterior margin rounded; mean length 1.9mm, mean width 1.5mm, mean length:width ratio 1.31. 
Both valves moderately convex; more or less equibiconvex. Maximum width of both valves slightly 
anterior to mid valve. Valve size measurements are summarised in Table 13.  
 Ventral Dorsal 
Measurement L (mm) W (mm) L:W 
ratio 
L (mm) W (mm) L:W 
ratio 
Number 5 5 5 4 4 4 
Mean 1.7 1.2 1.49 1.9 1.5 1.31 
Median 1.7 1.1 1.47 2.0 1.5 1.31 
St. Dev 0.13 0.09 0.07 0.16 0.15 0.08 
Min 1.6 1.1 1.40 1.7 1.3 1.21 
Max 1.9 1.3 1.56 2.0 1.6 1.40 
 
Table 13 Valve measurements of Eoobolus davidsoni 
Ventral larval shell circular, around 270µm diameter (Plate 5o); larval shell ornament of small, closely 
spaced pits (Plate 5p). Larval shell clearly delineated from post-larval shell (Plate 5o); post larval shell 
with closely spaced concentric growth lines and radial ridges leading to development of nick points on 
growth lines (Plate 5j, 5l-m); post larval pustulose ornament, best preserved at lateral margins (Plate 5n, 
5r). 
Measurement Larval 
shell 
length 
(µm) 
Larval 
Shell 
width 
(µm) 
Larval 
shell L:W 
ratio 
Number 3 3 3 
Mean 268 272 0.99 
Median 278 300 0.99 
St. Dev 39 51 0.06 
Min 225 213 0.93 
Max 301 303 1.06 
 
Table 14 Ventral larval shell measurements of Eoobolus davidsoni 
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Ventral pseudointerarea raised above valve floor, extending on average 35% of valve length; divided by 
deep triangular pedicle groove, widening anteriorly from 6% to 21% of valve width (Plate 5q); elevated 
propareas diverging at narrow angle of around 90 o; prominent flexure lines (Plate 5q). Dorsal 
pseudointerarea (Plate 5f, 5k) orthocline, low, raised above valve floor, extending on average 22% of 
valve length; undivided; anterior margin with median convex projection anteriorly, though with some 
variation; extends approximately one quarter of valve length.  
Measurement Ventral Dorsal Ventral Pedicle groove 
 Length 
(µm) 
Length 
% 
Length 
(µm) 
Length 
% 
Min width 
(% of 
valve 
width) 
Max width 
(% of valve 
width) 
Number 2 2 4 4 2 2 
Mean 601 35% 422 22% 6% 21% 
Median 601 35% 431 23% 6% 21% 
St. Dev 194 16% 51 3% 3% 9% 
Min 464 24% 351 18% 4% 15% 
Max 738 46% 474 26% 8% 27% 
 
Table 15 Pseudointerarea measurements of Eoobolus davidsoni 
Ventral visceral area extending beyond mid-valve; visceral area flanked laterally by pedicle nerve 
traces, emerging from anterior ends of pedicle groove, diverging anteriorly, extend to anterior margin of 
visceral area (Plate 5c-d, 5h-i). Anterior margin of visceral area marked by broad ridge, with convex 
anterior edge. Vascula lateralia arcuate, peripherally located, emerging from anterolateral edge of 
pseudointerarea adjacent to first lateral muscles, extending beyond visceral area into anterior half of 
valve (Plate 5a).  
Two sets of muscle scars located immediately along anterior margin of pseudointerarea. First centrals 
located lateral to pedicle nerve trace (Plate 5b, 5h-i), elliptical, approx. 100µm in maximum dimension; 
first lateral muscles located at anterolateral edge of pseudointerarea, sub-circular to elliptical (Plate 5h-
i), approx.150µm across. Second central muscle scars located antero-centrally on visceral area, 
immediately lateral to anterior end of pedicle nerve traces (Plate 5i); subcircular, approx. 150µm 
diameter. 
Dorsal visceral area not extending to mid-valve, with two short median anterior projections into mantle 
cavity, from which vascula media emerge; vascula media short, diverging anteriorly (Plate 5e-g). 
Dorsal vascula lateralia sub-peripherally located, gently arcuate; emerge from antero-lateral margin of 
pseudointerarea, extending beyond mid valve (Plate 5e-f). First central muscle scars weakly impressed, 
located immediately anterior to pseudointerarea, sub-circular, approx. 100µm diameter; first lateral 
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muscle scars deeply impressed, located at anterolateral edge of pseudointerarea, elliptical, approx. 
100µm across (Plate 5f).  
Impressions of epithelial cell moulds recorded on thickened areas of both valves, discussed in detail in 
Winrow & Sutton (2012) and Chapter 7 of this thesis, highlight morphological features, for example 
visceral area (Plate 5h-i) and first lateral muscles (Plate 5a). 
Discussion:  
The present material accords well with the emended diagnosis provided by Balthasar (2009) in his 
recent review of the genus Eoobolus from Utah, USA. The presence of pustulose ornament on the post-
larval shell, unique to this taxon within the Linguloidea, is a key feature in the identification of 
Eoobolus according to Balthasar (2009) and is recorded herein. 
E. davidsoni differs from the type species E. triparilis, described in detail by Balthasar (2009) in the 
general appearance of the ventral propareas which show a distinct deflection in flexure lines in E. 
triparilis (Balthasar 2009, fig. 4D) not recorded in the present material. 
The present study has identified three new species of Eoobolus from the Comley Limestone, of which 
E. davidsoni is the best preserved material. The key differences between these species are summarised 
in Table 16. The similarity in the size of valves indicates that these three populations do not represent 
different growth stages of the same taxon. Further, the consistent differences in the nature of the pedicle 
groove, angle of the ventral propareas, median projections in the dorsal valve and the shape of the 
anterior margin of the dorsal pseudointerarea suggest that these populations do not represent 
intraspecific variation and are considered sufficient to justify the erection of three distinct taxa. 
Taxon Pedicle groove 
widening 
Ventral 
proparea angle 
Dorsal 
median 
projections 
Anterior margin of 
dorsal 
pseudointerarea 
E. davidsoni Three times wider 
at anterior 
90o 2 Convex 
E. sedgwicki Doesn’t widen 
significantly 
100o 1 Convex 
E. huttoni Twice as wide at 
anterior 
120o n/a Straight 
 
Table 16 Key features distinguishing Eoobolus davidsoni, E. sedgwicki and E. huttoni 
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Eoobolus sedgwicki sp. nov. (Plate 6, figs. a-m) 
Holotype: Ventral valve from the Strenuella Limestone (Cobbold’s Ac4) to Protolenus Limestone 
(Cobbold’s Ac5) of the Comley Limestone of the Comley area, Shropshire; PW6-4, deposited at the 
Oxford University Museum of Natural History. 
Etymology: Species named for Adam Sedgwick, geologist, who did much to advance our understanding 
of the early Palaeozoic, in particular the Cambrian period, in the United Kingdom. 
Material, localities and horizons: 96 fragmented valves (52 ventral and 44 dorsal) from the Strenuella 
Limestone (Cobbold’s Ac4; Series 2, Stage 4) from the Comley area, Shropshire, England. Material 
referenced as slides PW6 and PW7 deposited at the Oxford University Museum of Natural History. 
Diagnosis:  
Ventral pedicle groove deep, narrow, not widening anteriorly; ventral propareas raised above valve 
floor, diverging at around 90 O; well developed flexure lines. Dorsal pseudointerarea orthocline, low, 
undivided, with convex anterior margin. Larval shell pitted. Post larval shell with concentric growth 
rings and radial ribs; post larval pustulose ornament. Dorsal visceral area thickened, with median 
anterior projection. 
Description: 
Outline of ventral valve unknown owing to fragmented nature of material; ventral posterior margin sub-
acuminate, apical angle around 100o. Dorsal valve elongate oval, posterior margin gently rounded; 
mean length 1.8mm, mean width 1.3mm, mean L:W ratio 1.39.  
Measurement L (mm) W (mm) L:W ratio 
Number 2 2 2 
Mean 1.8 1.3 1.39 
Median 1.8 1.3 1.39 
St. Dev 0.14 0.14 0.04 
Min 1.7 1.2 1.21 
Max 1.9 1.4 1.40 
 
Table 17 Dorsal valve measurements of Eoobolus sedgwicki 
Ventral larval shell circular, approx. 250µm in diameter (Plate 6d-e), ornament of small, closely spaced 
pits (Plate 6d). Larval shell clearly delineated from post-larval shell in both valves (Plate 6d). Post 
larval shell of both valves with closely spaced concentric growth lines and radial ridges leading to 
development of nick points on growth lines (Plate 6i, 6k); post larval pustulose ornament, best 
preserved at lateral margins (Plate 6i, 6k). 
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Ventral pseudointerarea raised above valve floor, extending on average 0.84mm from posterior margin; 
divided by deep triangular pedicle groove on average 0.1mm wide at posterior margin, widening only 
slightly to 0.16mm on average at anterior end (Plate 6l); elevated propareas with prominent flexure 
lines (Plate 6l) diverging at narrow angle of around 90 o; maximum width on average 1.8mm at anterior 
end of ventral pseudointerarea.  
Dorsal pseudointerarea (Plate 6m) orthocline, low, raised above valve floor, extending on average 
0.53mm from posterior margin, approximately one third of valve length; undivided; anterior margin 
with median convex projection anteriorly, though with some variation; maximum width 1.4mm at 
anterior end of dorsal pseudointerarea.  
Measurement Ventral Dorsal Ventral Pedicle groove 
 Length 
(mm) 
Width 
(mm) 
Length 
(mm) 
Width 
(mm) 
Min width 
(mm) 
Max width 
(mm) 
Number 16 14 17 8 16 16 
Mean 0.84 1.8 0.53 1.4 0.10 0.16 
Median 0.85 1.8 0.50 1.4 0.10 0.15 
St. Dev 1.03 0.16 1.05 0.09 0.13 0.25 
Min 0.70 1.6 0.30 1.3 0.10 0.10 
Max 0.11 2.0 0.70 1.6 0.15 0.20 
 
Table 18 Pseudointerarea measurements of Eoobolus sedgwicki 
Ventral interior features weakly impressed. Pedicle nerve traces emerge from anterior edge of pedicle 
groove (Plate 6a, 6c), diverging only slightly, extending beyond mid valve. Thin median ridge 
extending from centre of pedicle groove, between pedicle nerve traces (Plate 6j). First lateral muscle 
scars located at anterolateral edge of pseudointerarea (Plate 6a-b).  
Dorsal visceral area thickened; long, wide anterior median projection gives platform a somewhat 
mushroom shaped outline (Plate 6f, 6g).  
Impressions of epithelial cell moulds recorded on thickened areas of both valves, discussed in detail in 
Winrow & Sutton (2012) and Chapter 7 of this thesis, highlight morphological features, for example 
visceral area (Plate 6g-h). 
Discussion: 
This taxon is similar in many ways to Eoobolus davidsoni described herein, the key differences being 
highlighted in Table 16 above. Whilst the ventral propareas have a similar appearance to Eoobolus 
davidsoni, they diverge at a narrower angle than in Eoobolus huttoni. Whilst the dorsal pseudointerarea 
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is similar to Eoobolus davidsoni in having a convex anterior margin, in Eoobolus huttoni it has a 
straight anterior margin.  
 
Eoobolus huttoni sp. nov. (Plate 6, figs. n-r) 
Holotype: Ventral valve from the Strenuella Limestone (Cobbold’s Ac4) to Protolenus Limestone 
(Cobbold’s Ac5) of the Comley Limestone of the Comley area, Shropshire; PW8-5, deposited at the 
Oxford University Museum of Natural History. 
Etymology: Species named for James Hutton, 18th Century geologist who laid much of the foundation 
for modern geology. 
Material, localities and horizons: 53 valves (21 ventral and 32 dorsal), mostly fragmented, from the 
Strenuella Limestone (Cobbold’s Ac4; Series 2, Stage 4) from the Comley area, Shropshire, England. 
Material referenced as slide PW8 deposited at the Oxford University Museum of Natural History. 
Diagnosis: Ventral pedicle groove deep, narrow, widening anteriorly to double its posterior width; 
ventral propareas raised above valve floor, diverging at around 120O; well developed flexure lines. 
Dorsal pseudointerarea orthocline, low, undivided, with straight anterior margin. Larval shell pitted. 
Post larval shell with concentric growth rings and radial ribs; post larval pustulose ornament.  
Description: 
Outline of both valves unknown owing to fragmented nature of material; posterior margin of ventral 
valve sub-acuminate, apical angle around 100o; dorsal posterior margin gently rounded. 
Ventral pseudointerarea raised above valve floor, extending on average 0.6mm from posterior margin; 
divided by deep triangular pedicle groove on average 0.1mm wide at posterior margin, widening 
significantly to 0.2mm on average at anterior end (Plate 6n); elevated propareas with prominent flexure 
lines (Plate 6n) diverging at wide angle of around 120 o; maximum width on average 1.8mm at anterior 
end of ventral pseudointerarea.  
Dorsal pseudointerarea (Plate 6r) orthocline, low, raised above valve floor, extending on average 
0.54mm from posterior margin; undivided; anterior margin straight; maximum width 1.6mm at anterior 
end of dorsal pseudointerarea.  
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Measurement Ventral Dorsal Ventral Pedicle groove 
 Length 
(mm) 
Width 
(mm) 
Length 
(mm) 
Width 
(mm) 
Min width 
(mm) 
Max width 
(mm) 
Number 11 8 7 6 8 8 
Mean 0.6 1.5 0.54 1.6 0.09 0.21 
Median 0.6 1.5 0.50 1.6 0.90 0.20 
St. Dev 0.89 0.21 0.79 0.12 0.30 0.42 
Min 0.5 1.2 0.5 1.5 0.05 0.15 
Max 0.8 1.8 0.7 1.8 0.15 0.30 
 
Table 19 Pseudointerarea measurements of Eoobolus huttoni 
Ventral larval shell circular, around 250µm in diameter; ornament of small, closely spaced pits (Plate 
6q). Larval shell clearly delineated from post-larval shell (Plate 6p); post larval shell with closely 
spaced concentric growth lines and radial ridges leading to development of nick points on growth lines 
(Plate 6p); post larval pustulose ornament unevenly distributed on valve (Plate 6o-p). 
Internal features not preserved.  
Discussion: 
This taxon is distinguished from the closely related taxa described above by the nature of the 
pseudointerarea in both valves; see discussion under E. davidsoni and Table 16 above. 
 
Eoobolus? viridis (Cobbold, 1921) (Plate 2, figs. e-g) 
1921  Lingulella viridis; Cobbold, p. 341, pl. 22, figs.10–12 
1978 Lingulella viridis Cobbold; p. 16 
1984 Lingulella viridis Cobbold; Hinz, p. 29, pl. 4, fig. 3-7 
1987 Lingulella viridis Cobbold; Hinz, p. 49, pl. 12, figs. 4, 6, 15  
2001 Eoobolus aff. viridis (Cobbold); Ushatinskaya & Holmer, p. 123, pl. 16, figs. 10–13,  
 17, figs. 1–5 
2004 Eoobolus aff. viridis (Cobbold); Li & Holmer, p. 197, figs. 6, 7 
Holotype: By original designation, Cobbold Collection No. 97, now re-registered SMA340 from the 
Strenuella Limestone (Cobbold’s Ac4; Series 2, Stage 4), Comley, Shropshire. 
Material, localities and horizons: 12 ventral valves from the various limestone units within the lower 
Comley Limestone (Cobbold’s Ac2 to Ac5; Series 2, Stage 4) of the Comley Area, Shropshire. A 
further 140 valves from the Lower Comley Limestones from Comley and Rushton, Shropshire, were 
assigned to E. viridis by Hinz (1984; 1987); unfortunately this material has been unavailable in this 
study. 
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Occurrence in Britain: Known only from the lower Comley Limestone of Comley, Shropshire. 
Occurrence elsewhere: E. aff. viridis has been described from the lower Cambrian (Atdabanian to 
Bottomian stages) of Australia.  
Diagnosis: Ventral valve sub-oval to sub-triangular with short, narrow, sub-acuminate apex; apical 
angle around or less than 90o. 
Description: 
Ventral valves sub-oval to sub-triangular (Plate 2f-g), maximum width anterior to mid valve; becoming 
narrower towards apex with short posterior beak; posterior margin sub-acuminate with apical angle 
around or less than 90o. Mean length 2.9mm, mean width 2.4mm, mean length:width ratio 1.22. Valve 
size measurements are summarised in table 19. Ventral valve low-moderately convex. 
Measurement L (mm) W (mm) L:W ratio 
Number 7 7 7 
Mean 2.9 2.4 1.22 
Median 3.0 2.2 1.16 
St. Dev 0.68 0.66 0.13 
Min 2.2 1.6 1.09 
Max 4.1 3.6 1.43 
 
Table 20 Ventral valve measurements of Eoobolus? viridis 
External ornament of concentric growth rings intersected by fine radial ribs give crenulated appearance 
to growth rings (Plate 2e). 
Discussion: 
In describing Lingulella viridis from the Comley Limestone, Hinz (1987) noted that the valves have an 
“ovate outer appearance with a slight posterior acumination”, though she notes that the apex is more 
acuminate with an apical angle of around 60 o; unfortunately this material has not been available as part 
of this study although the description and at least one image, of a complete ventral valve, provided by 
Hinz (1987, plate 12, fig. 6) are similar to the material described herein. E . aff. viridis has been 
described from slightly older strata from the lower Cambrian of Australia (Ushatinskaya & Holmer 
2001); that material is typically smaller and has a wider apical angle (around 100-110 o) than the British 
material but has a similar L:W ratio. Importantly, pustulose ornamentation has been identified in the 
Australian material and is critical in the assignment of this taxon to Eoobolus; this pustulose ornament 
has not been identified in the British material, likely due to poor preservation. As a result the material 
described herein is assigned tentatively to Eoobolus.  
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E. viridis is differentiated from other obolids in the British Cambrian only by its distinctive valve 
outline as there are few other features recorded. Whilst the valve outline is broadly similar to E?. 
linnarssoni, the latter is considerably larger and has a more extended posterior beak.  
Eoobolus? linnarssoni (Cobbold 1921) (Plate 2, figs. b-d) 
1876 Obolus (?) sp. indet. Linnarsson, p. 16, pl. 3, fig. 31 
1921  Obolus (?) linnarssoni Cobbold, p. 338, pl. 22, figs. 23-25 
1968 Obolus linnarssoni Cobbold; Rushton, in Greig et al., p. 97 
1978 Obolus linnarssoni Cobbold; Cocks, p. 11 
Lectotype: BGS 30856, selected by Cocks (1978, p.11) from the Shoot Rough Road Flags (Cobbold’s 
Bb5-Bc; Series 3, Guzhangian stage) of Comley, Shropshire.  
Material, localities and horizons: One ventral and one dorsal valve from the Shoot Rough Road Flags 
(Cobbold’s Bb5-Bc; Series 3, Guzhangian stage) of Comley, Shropshire and four ventral valves from an 
unknown formation in the Church Stretton 7 Borehole, Shropshire. 
Occurrence in Britain: Known only from the middle Cambrian of Shropshire. 
Occurrence elsewhere: Not known elsewhere, although Cobbold (1921) compared this material to 
Obolus sp. indet. described by Linnarsson from Sweden which is herein treated as a synonym of E.? 
linnarssoni.  
Diagnosis: Ventral valve subtriangular with extended, subacuminate posterior beak; apical angle 
around 100o. Ventral pseudointerarea with narrow, triangular pedicle groove and weakly developed 
flexure lines. Interior with fine radial striae and small, circular pits. 
Description: 
Ventral valve subtriangular; posterior margin subacuminate, apical angle around 100o, postero-lateral 
margins straight (Plate 2b). Ventral valve maximum width 7.2mm and 5.8mm, length not known. 
Ventral pseudointerarea with narrow, triangular pedicle groove (Plate 2d) and weakly developed flexure 
lines. Ventral vascula lateralia straight, baculate, sub-marginal, not widening anteriorly (Plate 2b). 
Dorsal valve subcircular to subtriangular; posterior margin short, gently rounded; anterior margin 
broadly rounded (Plate 2c). Dorsal valve maximum length 4.9mm, maximum width 5.5mm, L:W ratio 
0.89. Dorsal visceral area weakly thickened, extending around one third valve length. Dorsibiconvex; 
ventral valve low convex; dorsal valve moderately convex. 
Both valves thick, composed of numerous layers; external ornament of regular concentric growth rings; 
interior layers with fine radial striae and small, circular pits (Plate 2b). 
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Discussion: 
In the original description of the species Cobbold (1921) compared his material to Obolus sp. indet. 
described from the Paradoxides forchhammeri zone (Series 3, Guzhangian Stage) of Sweden where it 
was associated with Billingsella lindstroemi and Acrothele coriacea; Cobbold noted that in Shropshire 
the same two species occur alongside this taxon. Although Cobbold (1921) noted that the “punctiform 
pits” of Linnarsson’s description were not revealed in the Shropshire material, such pits are here noted 
on one specimen (Plate 2b). The “raised bands...diverging at an acute angle from the apex” of Cobbold 
(1921) are here reinterpreted as vascula lateralia.  
The rounded triangular valve outline, dorsibiconvex morphology, narrow triangular pedicle groove, 
flexure lines and weakly thickened visceral area are all indicative of the genus Eoobolus, although there 
is no evidence for the pustulose ornament typical of the genus. In view of the lack of data it is only 
tentatively assigned to that genus. The valve outline differs from other British Cambrian taxa; it is most 
similar in outline to E. viridis but differs in being larger, and in having a more extended posterior beak.  
Family ZHANATELLIDAE Koneva 1986 
Genus WAHWAHLINGULA Popov, Holmer & Miller 2002 
Type species: Wahwahlingula antiquissima (Jeremejew, 1856) from the Upper Cambrian to Lower 
Ordovician Tosna Formation, north western Russia.  
Diagnosis: [After Popov et al. 2002] Shell slightly dorsibiconvex, elongate, suboval to subtriangular in 
outline; ventral valve with orthocline, subtriangular pseudointerarea bisected medially by narrow and 
shallow pedicle groove; ventral propareas crossed by fine flexure lines; dorsal valve with crescent-
shaped orthocline pseudointerarea, not raised above valve floor; dorsal propareas rudimentary, 
undivided; ventral interior with weakly impressed visceral area bearing pedicle nerve impression and 
baculate, arcuate vascula lateralia that are situated close to the lateral margins of the valve; dorsal 
interior with weakly impressed visceral area extending anteriorly to mid-valve, and bisected by long, 
fine median ridge; dorsal vascula lateralia arcuate, peripheral; vascula media short, diverging; larval 
and postlarval shell finely pitted with subcircular and suboval pits of varying size. 
Occurrence: Known from upper Cambrian to lower Ordovician from western USA (Utah), western 
Russia (Ingria), Australia, Kazakhstan, Scandinavia and Avalonian Canada (Nova Scotia, 
Newfoundland).  
Discussion: In erecting this new genus, Popov et al. (2002) noted that it is very similar to Lingulella, 
differing mainly in the presence of pitted larval and post-larval micro-ornamentation, a feature of the 
family Zhanatellidae. 
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Wahwahlingula antiquissima (Jeremejew, 1856) (Plate 2, figs. h-m) 
1856  Lingula antiquissima Jeremejew, p. 80, fig. 6 
1911 Lingulella cf. ferruginea (Salter); Matley in Cobbold, p. 330, pl. 26, figs. 5, 6 
1989 Lingulella antiquissima Jeremejew; Popov and Khazanovich (in Popov et al.), p.124,  
 pl.4, figs. 102, 4; pl. 8, figs. 6-10, text fig 22 
1994 Lingulella antiquissima Jeremejew; Popov & Holmer, p.42 in part, figs. 47 I-M, not 
             figs. 45, 46, 47A-H 
1999 “Lingulella antiquissima” Jeremejew; Cusack et al., p.809, pl. 1, figs. 1-7 
2002 Wahwahlingula antiquissima (Jeremejew); Popov et al., p.221, fig. 4.12 – 4.16 
Neotype: selected by Popov and Khazanovich in Popov et al., 1989, CNIGR 180/12348, ventral valve; 
Upper Cambrian, upper Cordylodus proavus biozone, Tosna Formation, Syas River, south of Rebrovo 
village, northwestern Russia. 
Material, localities and horizons: A total of 48 valves, 38 ventral and 10 dorsal. Five valves from the 
Purley Shales (Series 3, Stage 5), seven valves from the Abbey Shale Formation (Series 3, Drumian 
Stage) and 12 valves from the Outwoods Shales Formation (Furongian Series, Paibian Stage) of the 
Nuneaton area, Warwickshire; one valve from the Shoot Rough Road Flags (Cobbold’s Bb5-Bc; Series 
3, Guzhangian stage), two valves from the Orusia Shales (Furongian Series, Stage 9) and one valve 
from an unknown formation in the Church Stretton Borehole of Shropshire; 11 valves from the Caered 
Mudstone (Series 3, Stage 5), three from the Nant Pig Mudstone (Series 3, Drumian-Guzhangian stage) 
and three from the Ffestiniog Formation (Furongian Series, Jiangshanian Stage) of north Wales; four 
valves from the Menevian group (Series 3, Drumian – Guzhangian Stage) of St. Davids, South Wales. 
Occurrence in Britain: Widespread across the Welsh Basin, Welsh borderlands and the Midlands 
throughout the middle to upper Cambrian. 
Occurrence elsewhere: Known also from the Upper Cambrian of northwestern Russia (Ingria), 
Kazakhstan, Scandinavia and Avalonian Canada (Nova Scotia, Newfoundland).  
Diagnosis: [After Popov et al. 2002] Shell subtriangular to elongate suboval, about 130 percent as long 
as wide, with maximum width anterior to mid-valve; ventral interarea narrow triangular, occupying 
about half of total valve; propareas slightly raised, divided medially by strong flexure lines; dorsal 
interarea narrow, concave, crescent-shaped, undivided; ventral interior with weakly impressed visceral 
area, extending to about one third valve length; ventral vascula media arcuate, submarginal; dorsal 
interior with short, narrow median tongue and long, fine median ridge bisecting all visceral area; dorsal 
scars of central and outside lateral muscles placed close to each other; microornament of close-packed 
hemispherical to semi-ellipsoidal pits about 6-8 microns across. 
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Description: 
Ventral valve elongate oval to sub-triangular, sub-lachrymal in form; maximum width anterior to mid 
valve at around two thirds of valve length (Plate 2h); mean length 3.1mm, mean width 2.3mm, mean 
L:W ratio 1.38; posterior margin sub-acuminate, apical angle over 90o. Dorsal valve elongate oval, 
maximum width anterior of mid valve at around two thirds of valve length (Plate 2k, 2m); mean length 
2.9mm, mean width 2.2mm, mean L:W ratio 1.36; posterior margin gently rounded. More or less 
equibiconvex, both valves low to moderate convex; max height represents around 10% of valve length. 
 Ventral Dorsal 
Measurement L (mm) W (mm) L:W ratio L (mm) W (mm) L:W ratio 
Number 31 31 31 10 10 10 
Mean 3.1 2.3 1.38 2.9 2.2 1.36 
Median 3.2 2.3 1.38 2.8 2.1 1.22 
St. Dev 0.75 0.57 0.11 0.68 0.40 0.21 
Min 2 1.3 1.16 2.3 1.5 1.10 
Max 4.4 3.3 1.59 4.2 2.8 1.60 
 
Table 21 Valve measurements of W. antiquissima 
Dorsal median ridge narrow, extends to around half of valve length from posterior.  
Exterior ornament of fine, closely spaced concentric growth rings, though poorly preserved (Plate 2i-j, 
2l).  
Discussion: 
The present material is not well preserved, and exterior shell ornament and internal features, 
other than the presence of a median ridge in the dorsal valve, remain unknown. It is therefore 
difficult to compare this material to that on which the species was originally described. 
However, the external morphology and valve outlines are comparable to W. antiquissima 
described by Popov et al. (2002); the present material displays a L:W ratio of 1.38 in ventral 
and 1.36 in dorsal valves, closely comparable to the 1.30 recorded in the diagnosis of the 
species (Popov et al. 2002, p. 221).  
This species, which was previously poorly known, was re-described from Russia (Popov & 
Khazanovich 1989) and a detailed description and comparison of Lingulella antiquissima and 
associated taxa from the late Cambrian to early Ordovician of Russia, Scandinavia and Britain 
was subsequently undertaken (Popov & Holmer 1994). In the latter review, a broadly 
conceived L. antiquissima was defined with Lingulella nicholsoni from the Tremadoc of 
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Britain considered to represent juvenile forms of L. antiquissima and Lingulella lepis 
tentatively placed into synonymy.  
In erecting the new genus Wahwahlingula, Popov et al. (2002) noted that it is nearly 
indistinguishable from Lingulella, the main difference being the presence of pitted micro-
ornamentation on both the larval and postlarval shell; characters not determinable in the 
present material. In erecting this new genus, the range of forms incorporated into L. 
antiquissima by Popov & Holmer (1994), including L. nicholsoni and L. lepis from the British 
Tremadocian, were excluded; the latter were placed into synonymy with Divobolus quadratus 
and Broeggeria salteri respectively by Sutton et al. (2000). 
Superfamily LINGULOIDEA Menke 1828  
Family ELKANIIDAE Walcott & Schuchert in Walcott, 1908 
Genus BROEGGERIA Walcott 1902 
Type species: Original designation by Walcott (1902) Obolella salteri Holl 1865, from the Upper 
Cambrian (Merioneth Series), Malvern Hills, Hereford & Worcestershire, England. Range: Upper 
Cambrian (Furongian) to Middle Ordovician (Darriwilian). 
Species assigned: B. salteri was until recently the only species. Popov et al. (2008) recorded 
Broeggeria? sp. based on only one dorsal valve, suggesting that the characters of the valve were similar 
to B. salteri. Candela & Hansen (2010) described a second species, B. fimbriatus.  
Diagnosis: [After Holmer & Popov 2000, p.67] Shell rounded to sub-triangular, moderately biconvex 
with slightly longer ventral valve; larval and post larval shell ornamented by subcircular pits; ventral 
pseudointerarea broadly triangular with widely triangular pedicle groove; dorsal pseudointerarea 
crescent shaped, with wide median groove; visceral areas of both valves moderately thickened, not 
extending to mid valve. 
Broeggeria salteri (Holl 1865) (Plate 7, figs. a-j) 
1859  Lingula lepis Salter MS in Murchison, p. 543 [nomen nudum] 
1865  Obolella Salteri Holl, p. 102, fig. 9. 
1866  Lingulella lepis Salter in Ramsay, p. 334, fig. 11. 
1866  Obolella? Salteri Holl; Davidson, p. 61, pl. 4, figs. 28, 29. 
1866  Lingula (?) lepis (Salter); Davidson p. 54, pl. 3, figs. 53-59 pars?  
1868  Lingulella lepis Salter; Davidson, p. 307, pl. 15, figs. 10-12. 
1868  Obolella? Salteri Holl; Davidson, p. 311, pl. 16, figs. 8, 9. 
1871  Obolella? Salteri Holl; Davidson, p. 61, pl. IV, figs.. 28, 29 
1902 Obolella? salteri Holl; Matley, p.139. figs. 3-6 
1902 Obolus (Broeggeria) salteri (Holl); Walcott, p.605 [Proposed subgenus  
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             Broeggeria] 
1912  Obolus (Broeggeria) salteri (Holl); Walcott, p.424, pl. 13, figs. 1, 1a-n, pl. 15 
             figs. 4, 4a-d 
1912 Lingulella lepis Salter; Walcott, p.514, pl.31, figs. 4, 4a-f [some may be L.  
             nicholsoni] 
1927 Obolus (Broeggeria) salteri (Holl); Bulman in Stubblefield & Bulman, p.123, 
             pl.3, fig.3 
1937 Obolus (Broeggeria) salteri (Holl); Harrington, p.103, pl 5:4 
1938 Obolus (Broeggeria) salteri (Holl); Harrington, p.119, pl. I:4-5 
1965 Broeggeria salteri (Holl); Rowell, p. H270, fig. 164 (2) 
1968 Lingulella lepis Salter; Biernat & Tomczykowa, p.171, pl.1 figs. 1-11, pl.2     
             figs1- 9, pl. 4, figs. 1-13 
1973 Broeggeria salteri (Holl); Bulman & Rushton, p.13 
1978  Lingulella lepis Salter; Cocks, p. 15. [Lectotype selected] 
1978  Broeggeria salteri (Holl); Cocks, p. 18. [Lectotype selected] 
1981  Broeggeria salteri (Holl); Allen et al., pl. 17, figs. 6, 7. 
1982 Broeggeria salteri (Holl); Rushton, p. 42-44 
1982  Broeggeria salteri (Holl); Rushton & Bassett in Owens et al., p. 23, pl. 7, a-g, i. 
1982  Lingulella lepis Salter; Rushton & Bassett in Owens et al., p. 23 pars, pl. 5, s,  
             u,?r, non p, q [?L. nicholsoni] 
1992 Broeggeria salteri (Holl); Cope & Rushton, p.549 
1994  Broeggeria salteri (Holl); Popov & Holmer, p. 59, figs. 45 n, o, 54, 55c-q, 56-60,  
             61 a-d. 
2000  Broeggeria salteri (Holl); Sutton et al., p. 61, pl. 8, figs. 9, 11-18, 19?, 20, 21. 
2000a  Broeggeria salteri (Holl); Holmer & Popov, p. 67, fig. 30 c-e. 
2001 Broeggeria salteri (Holl); Holmer et al., p.55, pl.10, figs. 4-7 
2008 Broeggeria salteri (Holl); Cocks, p. 18 
Lectotypes: Lectotype of B. salteri, NHM B 4044, selected by Cocks (1978, p. 18) and re-illustrated by 
Sutton et al. (2000a, pl. 8, fig. 13), external mould of complete dorsal valve from the White-Leaved 
Oak Shale Fm (Furongian Series) of Chase End Hill, Malvern Hills, Herefordshire, Grid Ref. SO 757 
737.   
Lectotype of L. lepis, GSM 16871, selected by Cocks (1978, p. 15) and re-illustrated by Sutton et al. 
(2000a, pl. 8, fig. 19), anterior ?ventral valve fragment from the Lower Sandstone Member, Dol-cyn-
afon Fm (Lower Tremadocian, Cressagian stage) of Borth Wood, 1.5 km S of Porthmadog, Gwynedd, 
Grid Ref. SH 563 378 approx. 
Material, localities and horizons: A total of 18 valves (14 ventral and 4 dorsal) from the Furongian 
series of Malvern (White Leaved Oak Shales), Nuneaton (Monks Park Shales and Stockingford Shales), 
North Wales (Dolgellau Beds) and an unknown formation from Shropshire.  
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Occurrence in Britain: B. salteri is widespread in the uppermost Cambrian (Furongian series) and lower 
Ordovician (Tremadocian) of Avalonian Britain occurring in the Welsh Basin (North Wales), the Welsh 
borderland (Malvern, Shropshire) and the Midlands Platform (Nuneaton). 
Occurrence elsewhere: Known from the Upper Cambrian to Lower Ordovician of Kazakhstan, 
Scandinavia, Belgium, Argentina, Nova Scotia and possibly Bohemia (Popov & Holmer 1994, p. 59). 
Sutton et al. (2000, p.62) note that B. salteri was geographically widespread in the uppermost Cambrian 
and Tremadocian and the stratigraphical range of the species in the Anglo-Welsh Basin is uppermost 
Cambrian (recorded down to the Parabolina spinulosa Biozone by Howells & Smith, 1997) to the 
tenellus Biozone (Cressagian, Tremadocian). Holmer & Popov (1994, p.33) suggest that the species 
ranges further up the stratigraphical column in other areas, although the lower range outside the Anglo-
Welsh basin is not well constrained, and occurrences below the Acerocare Biozone have not been 
proved (Sutton et al., 2000, p. 62). Harrington (1937, 1938) identified B. salteri from Argentina which, 
whilst poorly illustrated, is considered by Popov & Holmer (1994) to be comparable to their material. 
The presence of B. salteri has been recorded without description or figures by Rushton (1982) in the 
uppermost Cambrian-Lowermost Ordovician of North Wales and by Cope & Rushton (1992) from the 
Llangynog Inlier, Wales. 
Diagnosis: Shell rounded to sub-triangular, moderately biconvex with slightly longer ventral valve; 
larval and post larval shell ornamented by subcircular pits; ventral pseudointerarea broadly triangular 
with widely triangular pedicle groove; dorsal pseudointerarea crescent shaped, with wide median 
groove; visceral areas of both valves moderately thickened, not extending to mid valve. 
Description: 
Both valves subcircular to subtriangular, maximum width anterior to mid valve; gently biconvex to 
slightly dorsibiconvex. Ventral valves with short, rounded to sub-triangular posterior margin; beak 
overhanging posterior margin. Posterior margin of dorsal valve more widely rounded, convex. Both 
valves ornamented by fine, regular, closely spaced concentric ridges. 
Equivalved; mean ventral valve length 5.4mm, mean width 5.9mm, mean length:width ratio 0.94; 
dorsal valve mean length 5.3mm, mean width 5.7mm and mean length:width ratio 0.94. Key 
measurements are summarised in Table 22.  
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 Ventral Dorsal 
Measurement L (mm) W (mm) L:W ratio L (mm) W (mm) L:W ratio 
Number 6 6 6 4 4 4 
Mean 5.4 5.9 0.94 5.3 5.7 0.94 
Median 4.7 4.8 0.98 5.5 5.8 0.94 
St. Dev 1.2 1.8 0.09 1.3 1.3 0.01 
Min 4.4 4.4 0.77 4.0 4.3 0.93 
Max 6.2 7.5 1.00 6.4 6.8 0.96 
 
Table 22 Valve measurements of Broeggeria salteri 
Ventral pseudointerarea typically well defined, broadly triangular, divided medially by wide sub-
triangular pedicle groove (Plate 7a, 7i), representing around 7% of maximum valve width and extending 
medially for 10% of valve length. Propareas triangular and, where well preserved, marked by well 
defined flexure lines (Plate 7i). Dorsal pseudointerarea not resolved in the present material.  
Vascula lateralia generally well developed in both valves, baculate, extending typically around 20-25% 
of valve length (Plate 7c). Vascula lateralia extend from anterior margin of pseudointerarea, widely 
divergent in both valves, arcuate, especially so in dorsal valves where they extend at a highly obtuse 
angle.  
Visceral area of both valves rounded to subrounded, moderately thickened, bounded posterolaterally by 
vascula lateralia, extending only to around mid valve. Ventral visceral area clearly shown in fig. 7 of 
Allen et al. (1981) though the specimen figured has not been located in the present study. Dorsal 
visceral area well defined and thickened, flanked by central muscle tracks (Plate 7d; sub-median septa 
of Rushton & Bassett in Owens et al. 1982). No further indication of muscle scars in the present 
material. 
Discussion: 
Rushton & Bassett (in Owens et al. 1982) noted that Broeggeria resembles Elkania in outline and 
ornament but differs in being less convex, having a ventral valve with median excavation and dorsal 
valve with a low median septum. Popov & Holmer (1994) noted that a complete shell of Elkania 
hamburgensis is approximately 69% as thick as wide, whilst Broeggeria is around 20% and Holmer 
(1991, 1993) noted that the family tends to form strongly biconvex shells, particularly Lamanskya and 
Volborthia. 
Popov & Holmer (1994) described Broeggeria salteri in detail based on well preserved Tremadocian 
material from Scandinavia, South Ural Mountains and Kazakhstan, indicating that the internal 
characters of their material are more strongly impressed than topotype material and that from south 
Wales, whilst Sutton et al. (2000) noted that Anglo-Welsh Basin Tremadocian material is relatively 
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poorly preserved, but similar to that of Popov & Holmer (1994) where details were comparable. 
Walcott (1912, p.425) indicated that differences in the relative sizes of vascular platforms may be due 
to preservational factors such as exfoliation and compaction. Although the features of the present 
material are not as well impressed, it is sufficiently similar to that described by Popov & Holmer (1994) 
to be confidently assigned to B. salteri on the basis of the characteristic valve outline and the well 
defined pedicle groove, vascula lateralia and visceral areas in both valves.  
Sutton et al. (2000) compared biometrics of British Tremadocian specimens (where not distorted) with 
the material described by Popov & Holmer (1994), identifying that the British material is more 
transverse in outline although the relative length of dorsal visceral areas is identical. Although material 
from North Wales is generally tectonically distorted, some preserves central muscle scars well (Sutton 
et al. 2000). Popov & Holmer (1994) identified that the visceral area depressions are identical, though 
larger, to those in Lingulella antiquissima and Walcott (1912) indicated that B. salteri has a “punctate 
interior”. 
Candela & Hansen (2010) described a new species, B. fimbriatus, which is distinguished from B. salteri 
by the presence of marginal spines, a more elongated outline and a narrower/shorter ventral visceral 
platform. 
Rushton & Bassett in Owens et al. (1982) maintained Lingulella lepis as a distinct taxon and compared 
it to Lingulella nicholsoni, whilst Popov & Holmer (1994) suggested it may be a possible junior 
synonym of Lingulella antiquissima or a nomen dubium. Sutton et al. (2000) determined Lingulella 
lepis (as figured by Salter in Murchison (1859) and Davidson (1866)) to be distorted B. salteri dorsal 
valves on the basis of the strongly impressed lateral margins of central muscle tracks, raised beak 
overhanging the posterior margin, well impressed peripheral vascula lateralia and the general size, 
outline and convexity. Hence, Sutton et al. (2000) treated L. lepis as a junior synonym of B. salteri and 
considered that most north Wales specimens are B. salteri. There is no evidence from this study to 
contradict this view and L. lepis is therefore treated as a junior synonym of B. salteri herein. 
There is limited material from the Upper Cambrian of the Anglo-Welsh basin which has been assigned 
to L. lepis. One specimen (BGS16921) has been reassigned to B. salteri in this study. However there are 
a number of records of L. lepis from outside the type area which do not appear distorted and probably 
represent an obolid taxon. Stubblefield (in Smith 1933) reported L. lepis from the Tremadoc of 
Gloucestershire and there are a number of specimens in museum collections from the Upper Cambrian 
of England which have been assigned to L. lepis and which are clearly not distorted; these have been 
reviewed elsewhere in this study and assigned to other taxa as appropriate. Walcott (1912) figured L. 
lepis from the Upper Cambrian of Norway and Biernat & Tomczykowa (1968) reported common L. 
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lepis from the Upper Cambrian of Poland which does not appear distorted. Revision of the Swedish and 
Polish material is outside the scope of this study.  
Popov & Holmer (1994, p.31) describe the Broeggeria assemblage of lingulate faunas which is widely 
distributed in Tremadocian black shale lithofacies and has been recorded in Baltoscandia, Wales, 
Shropshire (Owens et al, 1982), Cape Breton, Nova Scotia (Walcott, 1912; Owens et al. 1982) and 
Kazakhstan (Popov & Holmer 1994). The distinctive taxa in the Broeggeria assemblage include B. 
salteri, Elliptoglossa lingua, Wahwahlingula antiquissima, Eurytreta bisecta and Eurytreta sabrinae, 
all of which may be found in other benthic assemblages but form a fairly constant association 
representing dysaerobic environments. 
  
Superfamily ACROTHELOIDEA Walcott & Schuchert in Walcott 1908  
Family ACROTHELIDAE Walcott & Schuchert in Walcott, 1908 
Subfamily ACROTHELINAE Walcott & Schuchert in Walcott, 1908 
Genus ACROTHELE Linnarsson, 1876 
Type species: By subsequent designation of Oehlert (1887, p. 1279) Acrothele coriacea Linnarsson, 
1876 from the Middle Cambrian (P. forchhammeri biozone) of Sweden. Range: Lower to Upper 
Cambrian. 
Diagnosis: [After Holmer et al. 1996] Ornament of fine, concentric growth lines, usually with 
additional irregular wavy ridges bearing minute granules; dorsal pseudointerarea forming obtusely 
triangular plate not raised above valve floor; internal pedicle tube absent; ventral larval shell with 
median tubercle. 
Remarks: Acrothele, like Lingulella, is a widespread genus of uncertain stratigraphic and geographic 
range, whose taxonomy at the species level is in need of further study (Henderson & Mackinnon, 1981; 
Holmer & Popov, 2000). Taxonomic review of the genus is outside the scope of this study.  
 
Acrothele coriacea Linnarsson, 1876 (Plate 8, figs. a-e) 
1876  Acrothele coriacea Linnarsson, p. 21, pl. 4, figs. 44-48 
1911 Acrothele cf. granulata Linnarsson; Matley in Cobbold, p. 302, pl. 26, figs. 9a, b 
1912 Acrothele coriacea Linnarsson; Walcott, p.642, pl.56 figs. 1, 1a-i 
1921 Acrothele coriacea Linnarsson; Cobbold, p. 345, pl. 23, figs. 19-22 
1978 Acrothele coriacea Linnarsson; Cocks, p. 24 
1999 Acrothele cf. A. coriacea Linnarsson; Capdevila, p.91, Pl. 1 fig. 7  
2008 Acrothele coriacea Linnarsson; Cocks, p. 27 
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Lectotype: No holotype has been designated. As material from the type locality has not been examined 
in this study, no lectotype is designated herein. 
Material, localities and horizons: 27 ventral and three dorsal valves from the Billingsella Beds (Series 
3, Guzhangian stage) and seven ventral valves from the Shoot Rough Road Flags (Cobbold’s Bb5-Bc, 
Series 3, Guzhangian stage) of Shropshire, England. 
Occurrence in Britain: Known only from Series 3, Guzhangian stage of Shropshire, England. 
Occurrence elsewhere: Known also from the Middle Cambrian (P. forchhammeri biozone; Series 3, 
Guzhangian stage) of Sweden.  
Diagnosis: [original] Both valves subcircular. Ventral valves low convex with subconical apex located 
around one quarter of valve length from the posterior margin; apex marked by presence of two 
tubercles; dorsal valve lacking notable apex. Elongate oval pedicle foramen located immediately 
posterior to the apex. Ornament of fine, concentric growth lines, with additional granular ornament. 
Dorsal pseudointerarea low, divided by median groove; median septum low, ridgelike, extending 
around half of valve length.  
Description: 
Both valves sub-circular. Ventral valves low to moderately convex; subconical apex located 
approximately one quarter of valve length from posterior margin; anterior and lateral margins flattened; 
posterior portion of valve between apex and posterior margin low, flattened. Dorsal valves low convex 
with no strongly developed apex; lateral margins flattened.  
Ventral valves with mean maximum length 5.1mm, mean maximum width 5.2mm, mean L:W ratio of 
0.96. Ventral valve measurements are summarised in Table 23. 
Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio 
Number 9 14 9 
Mean 5.1 5.2 0.96 
Median 5.0 5.1 0.96 
St. Dev 0.87 0.62 0.02 
Min 3.9 4.0 0.94 
Max 6.2 6.2 1.00 
 
Table 23 Ventral valve measurements of Acrothele coriacea 
Only two dorsal valves could be measured; dimensions slightly larger than average for ventral valves 
but within range of ventral valve sizes; L:W ratio comparable with ventral valves. Dorsal valve 
measurements are summarised in Table 24. 
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Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio 
Valve 1 5.4 5.5 0.98 
Valve 2 5.8 6 0.97 
 
Table 24 Dorsal valve measurements of Acrothele coriacea 
Ventral pseudointerarea shallow, procline, divided by shallow intertrough, indicated by slight deflection 
of growth rings on posterior margin (Plate 8a). Pedicle foramen elongate oval, located immediately 
posterior to apex of valve which is marked by the presence of two tubercles (Plate 8a-b); pedicle 
foramen represents around 7% of valve width. Apical process small, circular, located immediately 
anterior to apex; ventral vascula lateralia baculate, extending to around 40-50% of valve length from 
posterior margin. 
Dorsal pseudointerarea low, divided by median groove; median septum low, ridgelike, short, extending 
up to around half of valve length. 
External ornament of regular, fine concentric growth rings; coarse, regularly spaced granular ornament 
with granules around 25um apart covering entire shell (Plate 8c). Ornament of fine, radial ridges on 
internal layers of broken shells. 
Discussion: 
The species was originally described from the Paradoxides forchhammeri Zone (Middle Cambrian: 
Series 3, Stage 7) of Bornholm, Denmark and has been described from the Middle Cambrian of 
Comley, Shropshire (Matley, in Cobbold 1911 and Cobbold 1921). Acrothele cf. A. coriacea has also 
been reported from the Middle Cambrian of Spain (Capdevila 1999); this report is difficult to verify as 
published figures lack sufficient clarity to discern diagnostic features, and no description was provided. 
The presence of an elongate pedicle foramen as opposed to a triangular delthyrium is indicative of the 
Acrothelidae rather than Botsfordiidae; the low dorsal pseudointerarea and presence of ventral tubercles 
are also characteristic of Acrothele. The present material accords with the original description of A. 
coriacea and the descriptions provided by Cobbold and Matley mentioned above. The key features 
distinguishing this taxon include the subconical apex located around one quarter of valve length from 
the posterior margin, low flattened lateral and posterior margins, elongate pedicle foramen and presence 
of two apical tubercles on the ventral valve. 
Acrothele sp. A (Plate 8, figs. f-j) 
Material, localities and horizons: One ventral valve from the Billingsella Beds (Cobbold’s Bc horizon; 
Series 3, Guzhangian stage) of the Comley Area, Shropshire and two ventral and one dorsal valves from 
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an unknown formation at Charlton Hill, Shropshire (probably the middle part of the Upper Comley 
Sandstone; Series 3, Stage 5). 
Occurrence in Britain: Known only from Series 3 of Shropshire. 
Description: 
Both valves small, subcircular; ventral valve with short, convex posterior margin (Plate 8h); dorsal 
valve with wide, convex posterior margin. Valve measurements are summarised in Tables 25 and 26. 
Ventral valve low convex with subconical umbo located at around 25% of valve length from posterior 
margin; dorsal valve low convex with no umbo. 
Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio 
Number 3 3 3 
Mean 1.8 1.9 0.93 
Median 1.9 2.1 0.93 
St. Dev 0.42 0.44 0.02 
Min 1.3 1.4 0.9 
Max 2.1 2.2 0.95 
 
Table 25 Ventral valve measurements of Acrothele sp. A 
Ventral pseudointerarea steeply procline. Elongate oval pedicle foramen located on posterior surface of 
umbo (Plate 8f-h). Four circular scars, two either side of median groove on umbo, represent bases of 
tubercles (Plate 8i).  
External ornament of closely spaced, evenly distributed coarse granules, less than 20um apart (Plate 8h-
i) along with regular concentric growth rings. 
Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio 
Dorsal valve 1.9 2.0 0.95 
 
Table 26 Dorsal valve measurements of Acrothele sp. A 
Discussion: 
The presence of tubercles and coarse granular ornament are indicative of the Acrotheloidea and the 
presence of an elongate pedicle foramen suggests that the material should be assigned to Acrothele. 
This material is smaller than other acrothelid brachiopods, including A. coriacea, from the British 
Cambrian. However, as a result of the lack of morphological characters and small number of valves the 
material is left under open nomenclature.  
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Acrothele sp. B (Plate 8, fig. k) 
Material, localities and horizons: One ventral valve from the Abbey Shale Formation (Series 3, 
Drumian Stage) of Hartshill Hayes, Nuneaton. 
Occurrence in Britain: Known only from Series 3 of the Nuneaton area. 
Description: 
Ventral valve large, transverse oval; maximum length 6.8mm, maximum width 8.2mm, L:W ratio 0.83. 
Elongate oval pedicle foramen located on posterior surface of umbo (Plate 8k). Umbo with two low 
tubercles. Ventral pseudointerarea divided by triangular groove. External ornament of regularly spaced, 
crenulated growth rings; no evidence of other ornament owing to preservation.  
Discussion: 
The presence of tubercles and an elongate oval pedicle foramen suggests that the material should be 
assigned to Acrothele. This material is larger than other acrothelid brachiopods, including A. coriacea, 
from the British Cambrian. However, as a result of the lack of morphological characters and that there 
is only a single valve the material is left under open nomenclature.  
 
Family BOTSFORDIIDAE Schindewolf 1955 
Genus BOTSFORDIA Matthew 1891 
Type species: Original designation by Matthew (1891), Obolus pulcher from the Hanford Brook 
Formation, late Lower Cambrian, New Brunswick, Canada. 
Diagnosis: [After Holmer et al. 1996] Shell biconvex; ventral pseudointerarea vestigial, divided by 
deep pedicle groove forming triangular delthyrium; dorsal pseudointerarea vestigial, divided by median 
groove; muscle system consisting of paired umbonal, transmedian, outside lateral, internal lateral, 
anterior lateral, and central muscles; vascula lateralia straight, submedian, divergent in both valves; 
larval shell with one to three apical tubercles in ventral valve and two in dorsal valve 
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Botsfordia pulchra (Matthew, 1889) (Plate 8, figs. l-p) 
1889 Obolus pulcher; Matthew, p. 306 
1895 Botsfordia pulchra (Matthew); Matthew, p. 115, pl. III, figs. 1-2 
1912 Botsfordia pulchra (Matthew); Walcott, p.607, pl.62 figs. 5, 5a-l 
1996 Botsfordia pulchra (Matthew); Holmer et al., pl. 10, figs. 14-15 
1998 Botsfordia pulchra (Matthew); Rushton (in Bridge et al.), p.153, fig. 7a 
2008 Botsfordia pulchra (Matthew); Cocks, p. 28 
Lectotype: No holotype has been designated. Lectotype not designated by Walcott (1912), Holmer et al. 
(1996) or Rushton (in Bridge et al., 1998). Holmer et al. (1996) include figures of material from the 
type locality but without full description. As material from the type locality has not been examined in 
this study, no lectotype is designated herein.  
 
Material, localities and horizons: Eight ventral and four dorsal valves from 450ft to 485ft above the 
base of the Purley Shales (Series 2, Stage 4) at Stockingford, Nuneaton.  
Occurrence in Britain: Known only from Series 2, Stage 4 of the Nuneaton area of the Midlands 
Platform. 
Occurrence elsewhere: Known only from the Lower Cambrian (Series 2), Hanford Brook Formation, 
Catons Island, New Brunswick, Canada. 
Diagnosis: Both valves subcircular to transversely oval. Ventral valve with low, acuminate apex at or 
overhanging posterior margin; pseudointerarea poorly defined, divided by triangular median groove. 
Dorsal valves low convex with no notable apex; pseudointerarea divided by median groove; median 
septum ridgelike, baculate, short, extending up to half of valve length. External ornament of coarse, 
closely spaced granules on both valves; ventral valve with regular radiating ridges. 
Description: 
Both valves sub-circular to transversely oval; ventral valves with short, slightly convex posterior 
margin, low convex with small, acuminate apex at the posterior margin (Plate 8p), in some cases 
overhanging the posterior margin. Ventral pseudointerarea poorly defined, procline, divided by 
triangular median groove.  
Ventral valves with mean maximum length 5.0mm, mean maximum width 5.2mm, mean L:W ratio 
0.94. Ventral valve measurements are summarised in Table 27. 
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Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio 
Number 8 8 8 
Mean 5.0 5.2 0.94 
Median 5.0 5.1 0.94 
St. Dev 0.31 0.48 0.05 
Min 4.3 4.6 0.86 
Max 5.3 5.9 0.98 
 
Table 27 Ventral valve measurements of Botsfordia pulchra 
Dorsal valves with short straight posterior margin, low convex with no notable apex (Plate 8n-o). 
Dorsal pseudointerarea vestigial, divided by median groove. Only two dorsal valves measured with 
dimensions similar to those of ventral valves. Dorsal valve measurements are summarised in Table 28. 
Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio 
Dorsal valve 5.2 5.4 0.96 
Dorsal valve 5.1 6.0 0.85 
 
Table 28 Dorsal valve measurements of Botsfordia pulchra 
Ventral valves with external ornament of closely spaced granules evenly spaced across the entire valve 
with exception of antero-lateral margins which are marked by regular, closely spaced concentric growth 
lines (Plate 8m); regularly spaced, fine radial ridges present on some specimens. Dorsal valves with 
external ornament of closely spaced granules across entire valve (Plate 8l). 
Dorsal median septum narrow, ridgelike; short, extending only up to half of valve length. 
Discussion: 
The species was originally described as Obolus pulcher (Matthew 1889) from the Lower Cambrian 
(Series 2) of New Brunswick, Canada in strata of the same age as the Purley Shales in Warwickshire; 
later the species was assigned to Botsfordia as a sub-genus of Obolus (Matthew 1895) before being 
assigned to the genus Botsfordia (Walcott 1912). Although Holmer et al. (1996) include images of B. 
pulchra from the type locality as part of a discussion of the relationships between the Botsfordiidae and 
Acrothelidae, they do not include full description of the species. Whilst the species has been recorded in 
the English Midlands without description (Rushton in Bridge et al. 1998), this is the first formal record 
of the species outside the type locality. 
Notwithstanding the poor preservation and lack of internal morphological features preserved, the 
present material accords closely with the original description by Matthew (1889; 1895) in being 
subcircular with the ventral valve having a “short, acuminate umbo” and in having an ornament of 
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granules with the sculpture of the anterior and lateral margins of the valve “consisting of concentric 
lines of growth with faint interrupted, radiating striae”. Despite Walcott (1912) stating that “the species 
is so distinct from Botsfordia caelata and Botsfordia granulata that comparison is not necessary”, it is 
worth noting that B. Pulchra differs significantly in its subcircular outline with small, acuminate apex 
compared to B. caelata, which is elongate oval and B. granulata which is more obtusely acuminate. The 
taxon differs from other taxa in the British Cambrian by the nature of the umbo at or overhanging the 
posterior margin. 
Botsfordia? sp. A (Plate 8, fig. q) 
Material, localities and horizons: One ventral (part and counterpart) and two dorsal valves (one part 
and counterpart) from the Hollybush Sandstone of the Malvern area (Terreneuvian Series, Stage 2). All 
material is very poorly preserved with no internal morphological detail preserved. 
Description:  
Ventral valve subcircular to subtriangular, slightly longer than wide. Dorsal valves subcircular to 
slightly transverse oval. Valve measurements are given in Table 29. Both valves low convex; ventral 
valve showing only a slightly raised apex at around one third valve length from posterior margin; no 
apex on dorsal valve.  
Ventral pseudointerarea, though poorly preserved, divided by wide triangular pedicle groove (Plate 8q). 
Dorsal pseudointerarea low but with no discernible characteristics. External ornament of concentric 
growth rings observed in one small fragment of lateral margin of one dorsal valve (Plate 8q); no 
evidence of other ornament. No internal features preserved. 
Valve Length (mm) Width (mm) L:W ratio 
Ventral 4.5 4.3 1.05 
Dorsal 4.2 4.6 0.91 
Dorsal 3.5 3.6 0.97 
 
Table 29 Valve measurements of Botsfordia sp. A 
Discussion:  
This material is very poorly preserved as valve outlines in medium grained sandstone and consequently 
very little is known of the morphology other than the pedicle groove preserved in the ventral 
pseudointerarea. The general valve outline is suggestive of the Acrotheloidea and the presence of the 
pedicle groove indicates that the material belongs in the Botsfordiidae; however, there is no indication 
of the acuminate apex typical of B. pulchra. Owing to the lack of characters preserved in the material it 
is left under open nomenclature and tentatively assigned to Botsfordia. 
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Botsfordia? sp. B (Plate 8, fig. r) 
Material, localities and horizons: One ventral valve from the Shoot Rough Road Flags (Cobbold’s 
Bb5-Bc, Series 3, Guzhangian stage) from the Comley area of Shropshire. 
Description:  
Ventral valve small, subcircular to transverse oval with short convex posterior margin; low convex with 
weakly developed umbo located near but not at posterior margin; lateral margins low, flattened. 
External ornament of coarse granules preserved only around posterior margin. Ventral pseudointerarea 
with low triangular delthyrium (Plate 8r).  
Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio 
Number 0.8 0.9 0.89 
 
Table 30 Valve measurements of Botsfordia? sp. B 
Discussion:  
This valve is poorly preserved and consequently very little is known of its morphology. Although 
similar to Botsfordia? sp. A described above, this valve is considerably smaller and is hence unlikely to 
represent the same species; for similar reasons it is treated under open taxonomy and assigned 
tentatively to Botsfordia. 
Order ACROTRETIDA Kuhn 1949 
Superfamily ACROTRETOIDEA Schuchert 1893 
Family ACROTRETIDAE Schuchert 1893 
Genus LINNARSSONIA Walcott 1885 
Type species: Original designation by Walcott (1885, p.112) Obolella transversa Hartt in Dawson, 
1868, from the Middle Cambrian of New Brunswick, Canada. Range: Lower to Middle Cambrian. 
Diagnosis: [Emended after Holmer et al. 2001] Shell subcircular to transversely oval with short, convex 
posterior margin; ventral valve convex to low subconical; ventral pseudointerarea catacline to procline, 
rarely apsacline, with intertrough; foramen not enclosed in larval shell; dorsal valve gently convex with 
vestigial, undivided pseudointerarea; apical process high, bosslike, anterior to foramen; dorsal interior 
with high median ridge and median buttress variably developed; antero-central scars well defined. 
Occurrence: Linnarssonia is a widespread genus in the lower and, particularly, Middle Cambrian 
around the world, including both British and north American Avalonia (Holmer & Popov 2000; 2007; 
Ushatinskaya 2010). Lower – Middle Cambrian: Sweden, Norway, Russia, Siberia, Kazakhstan, 
Germany, England, South Wales; Middle Cambrian: USA (Utah, Montana, Alaska), Canada, China, 
Antarctica, Greenland, Australia, New Zealand. 
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Discussion: As noted by Holmer et al. (2001), Linnarssonia is taxonomically complex; the type species 
is known from only poorly preserved material (Rowell 1966) and the genus includes a number of 
morphologically variable species. Walcott (1885) originally described the genus but by the time of 
publication of his treatise on Cambrian Brachiopoda (Walcott, 1912) he had concluded that 
Linnarssonia was a junior synonym of Acrotreta and no longer valid, although later authors disagreed 
with Walcott’s treatment. Rowell (1966) set out a summary of previous discussions and considered 
Pegmatreta Bell (1941) to be a junior synonym of Linnarssonia. Rowell and Henderson (1978) identify 
the genus mainly by its characteristic biconvex shell and high boss-like, apical process and considered 
that Pegmatreta should be used for taxa similar to Linnarssonia but with a lower apical process and 
lower cardinal muscle scars. In the present review Linnarssonia is taken to include those species with a 
high apical process and high, thickened cardinal muscle scars. Although Landing et al. (2002) 
suggested that Eurytreta may be a junior synonym of Linnarssonia, this treatment is not adopted herein 
as there is considered sufficient variance between the characteristics of the two genera, as set out in 
Holmer & Popov (2000), to justify their separation; in particular the differences in dorsal 
pseudointerarea (poorly defined and undivided in Linnarssonia but with wide median groove in 
Eurytreta), smaller cardinal muscle fields in Eurytreta, and the higher apical process of Linnarssonia. It 
is clear that Linnarssonia, Eurytreta and Pegmatreta are in need of full revision, based on type material, 
which is outside the scope of the present work. As the median buttress is not always identified in 
Linnarssonia the diagnosis of Homer et al. (2001) has been emended herein. 
Linnarssonia sagittalis (Davidson 1868) (Plate 9, figs. a-e) 
1866 Obolella sagittalis Salter, p. 285  
1868 Obolella sagittalis (Salter); Davidson, p.309, pl.15, figs. 17-24  
1871 Obolella sagittalis Salter; Davidson, p.369, pl. L, figs. 1-9, 11-14, non fig 10 
1885 Linnarssonia sagittalis (Salter); Walcott, p.115, figs. 5 and 8 
1911 Acrotreta (Linnarssonia) sagittalis (Salter); Matley, in Cobbold, p.302, pl. 26,  
 figs. 10a-b 
1912 Acrotreta sagittalis (Salter); Walcott, p.704, pl 61, figs. 2, 2a-h, 3, 3a-j 
1921 Acrotreta sagittalis (Salter); Cobbold, p.346 
1978  Linnarssonia sagittalis (Davidson 1868); Cocks, p.24 
2008  Linnarssonia sagittalis (Davidson 1868); Cocks, p.30 
Lectotype: B34790 selected by Cocks (1978, p.24) from the original of Davidson (1868) pl. 15 fig 23, 
from the “Menevian Beds” (Cambrian Series 3, Drumian-Guzhangian stage) of St Davids, Dyfed (exact 
locality unknown). Lectotype referred to Linnarssonia sagittalis by Cocks (1978) but with no 
description or figures. 
Material, localities and horizons: 26 ventral and 28 dorsal valves plus a further seven poorly preserved 
valves which are assigned on the basis of age and valve outline but with insufficient morphology to 
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determine which valve they represent. 31 valves from the “Nant Pig mudstones” (Series 3, Drumian-
Guzhangian stage) of St Tudwal’s peninsula, North Wales, 19 valves from the Menevian Group (Series 
3, Drumian-Guzhangian Stage) of St. Davids, South Wales, two valves from the “Shoot Rough Road 
Flags” (Cobbold’s Bb5-Bc, Series 3, Guzhangian stage) from Comley, Shropshire, six from the “Abbey 
Shale Formation” (Series 3, Drumian-Guzhangian stage) of the Nuneaton area, one valve from the 
Doropyge lakei flags (Cobbold’s Ba1, Upper Comley Sandstone Formation; Series 3, Stage 5) of 
Comley, Shropshire and two from the Shoot Rough Road Flags (Cobbold’s Bc; Series 3, Guzhangian 
stage) of Comley Shropshire.  
Diagnosis: Ventral valve transverse oval with procline to catacline pseudointerarea, apical process well 
developed, high, variable subcircular to subtriangular outline, anterior to foramen which is typically 
represented by small, circular pedicle tube. Vascula lateralia well developed, narrow and not extending 
far beyond apical process. Dorsal median septum triangular, widening anteriorly and extending around 
two thirds of valve length. Cardinal muscle fields in both valves are typically large, well developed, 
rounded to subrounded and thickened, located postero-laterally.  
Description: 
Ventral valves sub-circular to transversely oval, with straight to weakly convex posterior margin; 
moderately convex to sub-conical. Mean maximum ventral valve length 2.0mm, mean maximum 
ventral valve width 2.4mm and mean ventral valve length:width ratio of 0.83. Ventral valve 
measurements are given in Table 31.  
Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm% CM% LCM% WAP% LAP% Lmc% Pt% 
Number 25 25 25 7 8 4 14 14 6 7 
Mean 2.0 2.4 0.83 38.0% 10.4% 14.9% 11.1% 32.5% 29.9% 3.7% 
Median 1.9 2.5 0.85 37.5% 8.9% 15.1% 10.7% 33.3% 25.2% 2.9% 
St. Dev 0.63 0.80 0.08 9.9% 3.2% 2.4% 4.4% 9.7% 9.6% 1.8% 
Min 0.9 1.2 0.63 26.5% 7.4% 11.8% 5.0% 15.6% 23.5% 2.1% 
Max 3.3 4.0 0.93 58.3% 15.0% 17.6% 20.8% 47.8% 47.4% 7.1% 
 
Table 31 Ventral valve measurements of Linnarssonia sagittalis 
Ventral pseudointerarea procline to catacline though typically not well preserved, poorly defined, 
undivided, sub-triangular with circular sub-apical pedicle foramen. Dorsal pseudointerarea small, 
undivided. 
Ventral apical process typically well developed, high and varies from rounded to sub-rounded to sub-
triangular in outline (Plate 9a, 9c); maximum width of apical process on average 11.1% of valve width, 
process extends on average for 32.5% of valve length. Apical process located immediately anterior to 
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internal foramen, which is typically indicated by the presence of a small circular pedicle tube 
representing on average 3.7% of valve width.  
Ventral cardinal muscle scars well developed, large, deeply impressed, rounded to sub-rounded, located 
posterolateral to apical process and vascula lateralia (Plate 9a). Width of Cardinal Muscle field on 
average 38% of maximum valve width, extending on average 14.9% of valve length; individual muscle 
scars on average 10.4% of valve width.  
Vascula lateralia typically well developed in those ventral valves where apical process is preserved; 
extend from the posterior of the apical process diverging at around 45O from medial position of valve; 
narrow, representing approximately 4.4% of valve width on average; do not extend far beyond the 
apical process, extending 29.9% of valve length on average (Plate 9a, 9c). 
Dorsal valves sub-circular to transversely oval, with straight to weakly convex posterior margin; weakly 
convex. Mean maximum dorsal valve length 1.8mm, mean maximum dorsal valve width 2.3mm and 
mean dorsal valve length:width ratio of 0.79. Dorsal valve measurements are given in Table 32.  
Dorsal median septum well developed (Plate 9b, 9d), narrow ridge, widening anteriorly to a maximum 
width representing on average 5% of total valve width. Mean length of septum represents 63.7% of 
valve length. Median buttress not identified. 
Dorsal cardinal muscle fields poorly preserved; small individual cardinal muscles with cardinal muscle 
field representing around 25% of valve width and 8% of valve length. 
Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm% Cm% LCm% Wsep% LSep% 
Number 27 27 27 2 1 1 13 7 
Mean 1.8 2.3 0.79 25% 5.1% 8.3% 5.0% 63.7% 
Median 1.8 2.2 0.81 n/a n/a n/a 4.8% 66.7% 
St. Dev 0.73 0.84 0.12 8.2% n/a n/a 2.0% 14.1% 
Min 0.9 1.1 0.59 19.2% 5.1% 8.3% 2.9% 42.9% 
Max 3.6 4.7 0.99 30.8% 5.1% 8.3% 8.8% 80.0% 
 
Table 32 Dorsal valve measurements of Linnarssonia sagittalis 
Impressions of epithelial cell moulds recorded on thickened areas of the valve (e.g. the median septum, 
Plate 9d) are discussed in detail in Winrow & Sutton (2012) and Chapter 7 of this thesis. Shell structure 
columnar (Plate 9e).  
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Discussion: 
The material reviewed is typically preserved as internal casts and not all parts of valves are well 
preserved, in particular the apex of valves and the pseudointerareas, making the identification of 
individual specimens difficult.  
The species was first identified as Obolella sagittalis (Salter 1866) and was subsequently described and 
illustrated in Davidson’s monograph (Davidson, 1868). Walcott (1885) originally assigned the species 
to his new genus Linnarssonia; however by the time of publication of his treatise on Cambrian 
Brachiopoda (Walcott 1912) he had concluded that Linnarssonia was a junior synonym of Acrotreta 
and therefore this species was described as Acrotreta sagittalis, along with a number of varieties 
(transversa, taconica and magna). Cocks (1978, 2008) again referred the species to Linnarssonia but 
without description or explanation.  
The genus Acrotreta, which has long been treated as a “waste basket genus” with many species 
assigned to it, is restricted to the Ordovician and is in need of full revision (Holmer & Popov 1994). 
This study indicates that L. sagittalis is not referable to Acrotreta, which has a highly conical ventral 
valve, a well defined dorsal pseudointerarea with wide median groove and wide propareas, high apical 
process and muscular platform (Holmer & Popov 2000, p. 103). With the exception of the apical 
process, none of these characteristics are present in the material examined here. 
The key features which distinguish Linnarssonia from similar acrotretid taxa include: a well developed, 
high bosslike apical process (unlike Acrothyra, Angulotreta, Aphelotreta, Apsotreta, Conotreta, 
Cyrtonotreta, Dicondylotreta, Kotylotreta, Neotreta, Picnotreta, Prototreta, Rhondellina all of which 
have either a poorly developed apical process, or elongate/ridge-like process); an apical process anterior 
to the foramen (unlike Angulotreta, Canthylotreta, Kotylotreta, Linnarssonella, Olentotreta, Physotreta 
and Quadrisonia, all of which have an apical process which is penetrated by the pedicle tube); a well 
developed, high, median septum widening anteriorly (unlike Aphelotreta, Apsotreta, Conotreta, 
Dactylotreta, Galinella, Hadrotreta, Linnarssonella, Opisthotreta, Picnotreta, Prototreta and 
Rhondellina all of which have poorly formed or no median septum; an undivided dorsal pseudointerarea 
(unlike taxa where the dorsal pseudointerarea is divided by a median groove such as Anelotreta, 
Angulotreta, Apsotreta, Araktina, Canthylotreta, Dactylotreta, Eurytreta, Hadrotreta, Linnarssonella, 
Olentotreta, Prototreta and Quadrisonia). 
Linnarssonia cf. taconica Walcott 1887 (Plate 9, figs. f, g) 
 1887 Linnarssonia taconica Walcott, p.189-190, pl 1 fig 18-18d 
 1912 Acrotreta sagittalis taconica (Walcott), p.707-708, pls. 71, fig. 1-1o 
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 1956 Acrotreta taconica (Walcott); Lochman, p.1370, pl.3, figs. 9-12 
 2002 Linnarssonia taconica Walcott; Landing et al. p.298, fig.7 
Material: Three ventral valves and a further partial fragment of a dorsal valve showing from the Lower 
Comley Sandstone (Terreneuvian Series, Stage 2 to Series 2, Stage 3) of the Comley area, Shropshire. 
Preservation is poor and few internal morphological features are discernible.  
Occurrence elsewhere: Recorded by Walcott (1912) and Lochman (1956) from the Lower Cambrian of 
USA (New York) and by Landing et al. (2002) from the latest early Cambrian Taconic allochton of 
Quebec, Canada. 
Description: 
Ventral valves typically subcircular with straight posterior margin; high convex with maximum length 
1.6-1.8mm, maximum width 1.5-1.9mm and length:width ratios between 0.94-1.1. Exterior of ventral 
valve shows clear ornamentation of concentric growth rings. Ventral pseudointerarea poorly defined 
and undivided. 
Ventral valves with high, subcircular apical process typically representing approximately 25% of valve 
width, located immediately anterior to apex (Plate 9f-g). Ventral cardinal muscle scars posterolateral to 
apical process, widely separated; small, circular, measuring approximately 6% of valve width and not 
particularly thickened. Cardinal Muscle field width around 47% of valve width, due to wide separation 
of muscles. Fragment of dorsal valve shows development of elongate visceral fields separated by a 
narrow, ridge-like median septum; no further morphology preserved. 
Discussion: 
Walcott (1912) considered that two varieties of Acrotreta sagittalis, namely taconica and transversa, 
were markedly different but that these were not worthy of full specific variation; despite illustrating 
taconica he did not provide full descriptions of these varieties. Landing et al. (2002) gave a full 
description of L. taconica from Quebec and state that “The species is close to and differs primarily from 
a "characteristic" Linnarssonia species, L. sagittalis (Davidson), in having smaller cardinal muscle 
areas”. 
The ventral valves from the Lower Comley Sandstone are more subconical, being higher at the apex, 
than L. sagittalis and cardinal muscle scars are not as deeply impressed and are smaller, each scar 
representing only 6% of valve width compared to approximately 11% in L. sagittalis. The cardinal 
muscles are more widely spaced than in L. sagittalis, with the cardinal muscle field representing 47% of 
valve width compared with approximately 33% of valve width in L. sagittalis where the larger muscles 
are closer together.  
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Despite the lack of well preserved material, on the basis that the material is similar to L. sagittalis, 
differing mainly in having smaller cardinal muscles as identified by Landing et al. (2002), the material 
is assigned to L. cf. taconica with uncertainty. 
Linnarssonia? comleyensis (Cobbold, 1921) (Plate 9, figs. h-r; Plate 10, figs. a-e) 
1921 Acrothyra comleyensis Cobbold, p. 348, pl. 23, figs. 1-8 
1934 Acrothyra comleyensis Cobbold; Cobbold & Pocock, p. 332 
1978  Acrothyra comleyensis Cobbold; Cocks, p. 2 
1987  Acrothyra comleyensis Cobbold; Hinz, p.51, plate 12, figs. 16, 19 
2008  Linnarssonia? comleyensis (Cobbold, 1921); Cocks, p.30 
Holotype: SM A373, complete ventral valve, from the “Paradoxides groomi beds” of the Upper 
Comley Group (Cobbold’s Ba1; Cambrian Series 3, Stage 5) of Comley, near Church Stretton, 
Shropshire. Grid Ref. SO 484 965 approximately  
Material, localities and horizons: 17 ventral valves from the Upper Comley Sandstone (Paradoxides 
groomi beds, Cobbold’s Ba1; Cambrian Series 3, Stage 5), Quarry Ridge Grits (Cobbold’s Ba1; 
Cambrian Series 3, Stage 5) and the Doropyge lakei Flags (Cobbold’s Ba3; Cambrian Series 3, Stage 
5). Two further ventral valves from undifferentiated Comley Limestone (Cambrian Series 2, Stage 4) 
and two from the Eaton Constantine 4 borehole (formation not known). In addition Hinz (1987) 
described ten ventral valves of Acrothyra comleyensis from the Comley Limestone (Cambrian Series 2, 
Stage 4) which have not been reviewed in the present study.  
Occurrence in Southern Britain: Known only from the Upper Comley Sandstone Formation (Cobbold’s 
Ba1 to Ba3; Cambrian Series 3, Stage 5) and Comley Limestone (Cambrian Series 2, Stage 4) of the 
Comley area, Shropshire.  
Occurrence elsewhere: The species has not been identified outside the Comley area. 
Diagnosis: [Emended from Cobbold 1921] Ventral valve transversely oval, moderately convex. Ventral 
pseudointerarea weakly procline to catacline, separated by a broad vertical intertrough. Apical process 
well developed, high, thickened anteriorly, tongue shaped; anterior to the pedicle foramen, which is 
marked by a short pedicle tube. Small apical pits anterolateral to the pedicle tube. Deep, baculate 
vascula lateralia extend from foramen on each side of the apical cavity, typically extending around half 
of valve length. Cardinal muscle scars large, sub-rounded and posterolateral of mantle canals.  
Description: 
Ventral valves typically transverse oval with short, concave posterior and wide, convex anterior 
margins; convex with maximum height around one third of valve length from posterior. Mean 
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maximum valve length 1.8mm, mean maximum width 2.3mm and mean length:width ratio of 0.77. 
Ventral valve measurements are summarised in Table 33. 
Ventral pseudointerarea well defined, weakly procline to catacline (typically inclined at around 70-90o 
to the commissural plane), typically sub-triangular and clearly divided by a broad, intertrough, often 
represented by a deep furrow (Plate 9h, 9k). Pedicle foramen circular, sub-apical and located at the top 
of the trough on the posterior face of the valve (Plate 9k-l).  
Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm% CM% WAP% LAP% Lmc% Pt% 
Number 5 5 5 2 2 5 4 5 4 
Mean 1.8 2.3 0.77 34.1% 14.7% 10.5% 34.3% 49.4% 5.3% 
St. Dev 0.74 0.83 0.06 - - 3.2% - - - 
Min 0.9 1.3 0.69 29.7% 14.1% 6.4% 27.1% 46.7% 3.1% 
Max 2.7 3.2 0.87 38.4% 15.4% 15.4% 38.9% 55.6% 7.7% 
 
Table 33 Ventral valve measurements of Linnarssonia? comleyensis 
 
Ventral apical process typically well developed, high, thickened anteriorly, representing on average 
10.5% of valve width and length representing 34.3% of valve length; typically well developed and 
tongue shaped (Plate 9j). Apical process is located immediately anterior to the internal foramen which 
is represented by clear development of pedicle tube (Plate 9i-j) with casts of tube typically circular and 
representing on average 5.3% of valve width). Small apical pits anterolateral to the pedicle tube are 
interpreted as umbonal muscle scars. 
                                                   
 
 
 
 
 
 
Figure 7 Depiction of interior of ventral valve of Linnarssonia? comleyensis (taken from 
Cobbold, 1921). 
Note that the parietal band and associated structures in the mid valve have not been identified 
in this review. (Key: If = Foramen ; p = Minute pit ; b.c. = Bell-shaped cavity ; v.s. = Vascular 
sinus ; M. = cardinal muscle-sear ; p.b. = Parietal band ; c.m. = Central muscle-scar (?) ; 
a.l.m. = Anterior lateral muscle-scar (?)) 
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Ventral cardinal muscle scars well developed, deeply impressed, large, typically sub-rounded and 
located posterolateral to apical process and mantle canals on the posterior face of the valve (Plate 9j); 
cardinal muscle field represents on average 34% of valve width. 
Vascula lateralia well developed, deeply impressed, baculate (Plate 9j), extending anterolaterally at a 
wide angle, not extending far beyond the apical process, on average 49% of valve length and approx. 
0.2mm wide, representing on average 7% of valve width. 
Shell thick, composed of numerous laminae with up to nine layers identified; external ornament of fine, 
very closely-set concentric growth lines (Plate 9k-l). Impressions of epithelial cell moulds recorded on 
thickened areas of the valve (e.g. the apical process, Plate 9j) are discussed in detail in Winrow & 
Sutton (2012) and Chapter 7 of this thesis. Shell structure columnar (Plate 9p-r). 
No dorsal valves have been identified as the material described by Cobbold cannot be located. Cobbold 
(1921) included the following description: “Associated dorsal valves subcircular, convex, with apex 
depressed and marginal; interior with a median ridge extending about two-thirds the length of the valve, 
sometimes interrupted, sometimes only weaker at the middle of its course, from which point two 
branches diverge slightly and then pass forwards parallel to the median ridge; main vascular sinuses 
well developed posteriorly; cardinal muscle-scars large”. 
Discussion: 
Most of the material reviewed herein is hosted in fine to medium grained sandstones and therefore finer 
details of morphology are often not well preserved.  
This species was originally assigned to Acrothyra and Hinz (1987) described material dissolved from 
the Comley Limestones (Lower Cambrian, Series 2) as Acrothyra comleyensis. The ventral valve of 
Acrothyra, however, typically has an apsacline pseudointerarea and short, convex posterior margin 
(Holmer & Popov 2000, p.104) unlike the present material. According to Cocks (2008) “Dr L.E. Popov 
has suggested that this species may belong within either Linnarssonia or Hadrotreta”.  
The size and characteristics of the apical process rule out most other Acrotretid genera described by 
Holmer & Popov (2000; 2007) and others with a similar apical process can be discounted for a number 
of reasons, including having conical ventral valves (Vandalotreta, Amictocracens, Apsotreta, 
Dactylotreta) and different characteristics of the pseudointerarea (Amictocracens, Apsotreta). 
There are a small number of genera known from the Cambrian which have ventral valves comparable to 
the present material. In particular Linnarssonia, Hadrotreta and Kostjubella are most similar in shell 
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outline, with a short rounded posterior margin, convex profile, pseudointerarea divided by an 
intertrough and a high bosslike apical process.  
Hadrotreta has a typically rounded bosslike apical process with no indication of anterior thickening. 
Further, Rowell (1966) indicated that Hadrotreta primaaea (the only species at the time) was large for 
the family with average length of 3.8mm and average width of 4.6mm with a length:width ratio of 81%. 
The material reviewed here is considerably smaller although the average length:width ratios are 
comparable. Although this material has similar characteristics to Kostjubella reported from Kazakhstan 
(Popov et al. 1996), Kostjubella is described as being strongly convex whereas the present material is 
more moderately convex.  
The material described here compares well with Linnarssonia, as summarised by Holmer et al. (2001), 
who suggest that key characteristics of the genus are the bi-convex shell and high apical process which 
is typically thickened anteriorly. It is hence referred to that genus here, although only tentatively in the 
absence of dorsal valves. 
Linnarssonia? cobboldi sp. nov. (Plate 10, figs. f-j) 
Material, localities and horizons: 11 ventral valves identified from the late Middle Cambrian 
“Billingsella Beds” of the Comley area, Shropshire (Cobbold’s Bc horizon; Cambrian Series 3, 
Guzhangian stage). 
Occurrence: Known only from the “Billingsella Beds” of the Comley area, Shropshire (Cobbold’s Bc 
horizon; Series 3, Guzhangian stage). 
Etymology: Named after Edgar Sterling Cobbold who did so much work on the stratigraphy and 
palaeontology of the Cambrian strata of Shropshire in the early 20th Century, and was the last researcher 
to publish on Cambrian brachiopods from England. 
Diagnosis: Ventral valve transversely oval, moderately convex. Ventral pseudointerarea weakly 
procline to catacline and divided by a broad vertical intertrough. Apical process well developed, high, 
thickened anteriorly, well developed, typically tongue shaped, located anterior to the pedicle foramen. 
Small apical pits anterolateral to the pedicle tube. Deep baculate vascula lateralia extend from foramen 
on each side of the apical cavity, typically extending around half of valve length. Cardinal muscle scars 
large, sub-rounded and posterolateral of mantle canals 
Description:  
Ventral valves typically transversely oval in outline (mean length:width ratio 0.85) with short, straight 
posterior and wide, convex , anterior margins. Ventral valves moderate to high convex with maximum 
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height around one third of valve length from posterior. Mean maximum valve length 1.5mm, mean 
maximum width 1.8mm and mean length:width ratio of 0.85. Ventral valve measurements are 
summarised in Table 34. 
Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm% CM% WAP% LAP% Lmc% Pt% 
Number 11 11 11 2 2 11 11 8 7 
Mean 1.5 1.8 0.85 55.7% 15.6% 13.0% 30.1% 36.7% 4.1% 
Median 1.2 1.4 0.85 55.7% 15.6% 10.4% 30.0% 35.3% 4.2% 
St. Dev 0.6 0.7 0.03 2.2% 1.5% 5.0% 6.9% 14.0% 0.7% 
Min 0.9 1.0 0.82 54.2% 14.5% 8.3% 14.0% 16.0% 3.0% 
Max 2.7 3.2 0.91 57.3% 16.7% 22.7% 38.9% 62.5% 5.0% 
 
Table 34 Ventral valve measurements of Linnarssonia? cobboldi 
Ventral pseudointerarea well defined, weakly procline to catacline (inclined at around 80-90o to the 
commissural plane), typically sub-triangular and clearly divided by a wide intertrough, often deeply 
impressed.  
Internal foramen is indicated by clear development of pedicle tube demonstrated in several specimens 
with casts of tube typically circular and measuring on average 4.1% of valve width. Ventral apical 
process typically well developed, high, thickening anteriorly, representing on average 13% of valve 
width and 30% of valve length, well developed and tongue shaped; located immediately anterior to the 
internal foramen (plate 10j). Small apical pits have been identified lateral to the pedicle tube on one 
specimen (Plate 10g); these are interpreted as representing umbonal muscle scars. 
Ventral cardinal muscle scars deeply impressed, large, sub-rounded and located posterolateral to apical 
process on the posterior face of the valve; cardinal Muscle field represents on average 55% of valve 
width. Vascula lateralia deeply impressed, baculate, extending anterolaterally at a wide angle for an 
average 36.7% of valve length, representing on average 5.1% of valve width (Plate 10i).  
Shell composed of numerous laminae with exterior ornament consisting of fine, very closely-set 
concentric growth lines. Impressions of epithelial cell moulds recorded on thickened areas of the valve 
(e.g. the apical process, Plate 10f) are discussed in detail in Winrow & Sutton (2012) and Chapter 7 of 
this thesis.  
Discussion:  
Although this material is similar in appearance to the older Linnarssonia? comleyensis, known from the 
earlier Comley Limestone and Upper Comley Sandstones (Cambrian Series 2, Stage 4 to Cambrian 
Series 3, Stage 5), it differs from that species in a number of ways. Ventral valves are generally smaller, 
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more subcircular in outline, have larger cardinal muscles (though based on a small number of 
specimens), a broader, shorter apical process, a smaller pedicle foramen, and narrower, shorter vascula 
lateralia. Details of these differences are set out in Table 35. As a result of the differences between this 
material and L. comleyensis, a new species is erected, despite the lack of dorsal valves.  
Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm% CM% WAP
% 
LAP
% 
Wmc
% 
Lmc
% 
Pt% 
L.? 
comleyensis 
1.8 2.3 0.77 34.07% 14.7% 10.5% 34.2% 7.2% 49.4% 5.3% 
L.? cobboldi 1.5 1.8 0.85 55.7% 15.6% 13.0% 30.1% 5.1% 36.7% 4.1% 
 
Table 35 Comparison of mean measurements of L.? comleyensis and L.? cobboldi 
Genus LINNARSSONELLA Walcott 1902 p. 601 
Type species: Linnarssonella gyrtyi Walcott from the Middle Cambrian of Dakota. 
Occurrence elsewhere: Known from the middle to late Cambrian of the USA and Canada. 
Diagnosis: [After Holmer & Popov 2000] Shell subcircular to elongate oval with rounded posterior 
margin; ventral valve moderately convex; ventral pseudointerarea low, apsacline, undivided; foramen 
enclosed within larval shell; dorsal valve weakly convex; dorsal pseudointerarea orthocline with broad 
median groove; posterolateral margins of dorsal propareas with deep grooves; apical process elongate 
triangular, perforated by foramen; median ridge low. 
Linnarssonella? sp. (Plate 10, figs. k-m) 
Material: Two dorsal and two ventral valves (plus one badly deformed valve) from the Lingula Flags 
(Furongian Series, Paibian Stage) from St. Davids in South Wales and one ventral valve from the 
Abbey Shale Formation (Series 3, Drumian-Guzhangian Stage) of the Merevale 3 Borehole in 
Warwickshire. All internal moulds with the exception of one ventral exterior, the material is poorly 
preserved though some morphological features can be distinguished. 
Description: 
Ventral valve subcircular to elongate oval, moderately convex; length 2.4-3mm, width 2.2-2.7mm and 
mean length width ratio approximately 1.1. Dorsal valve transverse oval to subcircular, valve length 
3.9-4.9mm, width 2.9-3.9mm and mean length width ratio 1.25-1.34. Valve measurements are 
summarised in Table 36. 
 
 
86 
 
 
Measurement Ventral Dorsal  
 L (mm) W (mm) L:W ratio L (mm) W (mm) L:W 
ratio 
LSep  
% 
Number 3 3 3 2 2 2 2 
Mean 2.7 2.4 1.09 3.2 4.4 1.30 - 
Median  2.6 2.4 1.09 - - - - 
St Dev 0.31 0.25 0.01 - - - - 
Min 2.4 2.2 1.09 3.9 2.9 1.25 25% 
Max 3 2.7 1.11 4.9 3.9 1.34 50% 
 
Table 36 Valve measurements of Linnarssonella? sp. 
Ventral pseudointerarea poorly defined. Ventral valve with well-developed apical process, representing 
approximately 18% of valve width, triangular, perforated by pedicle tube (Plate 10k, 10m). Vascula 
lateralia extending from posterior of apical process at angle of approximately 30O from medial position 
though preservation is poor.  
Dorsal pseudointerarea well defined with broad triangular, median groove (Plate 10l). Dorsal median 
septum represented by low, narrow ridge extending between 25-50% of valve length. Median buttress 
narrow, extending 20% of valve width. Dorsal vascula lateralia extend from anterior end of median 
groove at angle of around 30O from medial position for around half of valve length.  
Muscle fields indistinct and poorly defined. Weakly impressed central muscle fields in dorsal valve, 
lateral to median ridge, subcircular, representing approximately 10% of valve length. Further poorly 
preserved antero-central oval muscle field preserved on one dorsal valve approximately twice as large 
as central scars.  
Discussion: 
Although poorly preserved, the valves recorded from the Lingula flags have the characteristics of 
Linnarssonella as defined by Holmer & Popov (2000), including elongate, moderately convex ventral 
valve with a triangular apical process perforated by the pedicle tube, dorsal pseudointerarea with broad 
median groove and a low median ridge with broad median buttress. However as a result of the relatively 
poor preservation and the small number of valves reviewed, the placement of the present material into 
this genus is uncertain and hence they are recorded under open nomenclature.  
The material referred to here as Linnarssonella? sp. differs from other acrotretid genera recorded herein 
in its valve outline, the ventral valve tending to elongate oval rather than the transversely oval of most 
taxa and the sub-triangular apical process perforated by the pedicle. 
Although Linnarssonella has not previously been recorded from Great Britain, it is known from the 
Cambrian of Avalonian north America. 
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Genus HADROTRETA Rowell 1966 
Type species: Original designation by Rowell (1966, p.12) Acrotreta primaaea Walcott, 1902 p.593) 
from the Lower Cambrian (Olenellus zone), Nevada, USA. Range: late Lower to Middle Cambrian.  
Diagnosis: [After Holmer & Popov 2000] Shell transversely oval with short, rounded posterior margin; 
ventral apex moderately convex to subconical; ventral pseudointerarea catacline to gently procline with 
shallow intertrough; foramen not enclosed within larval shell; dorsal valve gently convex with broad, 
shallow median sulcus; dorsal pseudointerarea narrowly triangular, orthocline to anacline with shallow 
median groove; apical process forming rounded boss anterior to internal foramen; apical pits 
immediately lateral of pedicle tube; dorsal median ridge low; mantle canals baculate. 
Remarks: Rowell (1966) erected the genus with one species only, Hadrotreta primaaea distinguished in 
part by its large size, the genus name being based on the Latin hadros, large. 
Occurrence: Previously known from the lower-Middle Cambrian of USA (Nevada), Russia, 
Kazakhstan and Australia.  
Hadrotreta cf. sera (Matthew, 1902) (Plate 11, figs. a-r; Plate 12, figs. a-c) 
1902 Acrothyra (signata) sera Matthew, p.383-4, pl. XIII, figs. 3a-f 
1912 Acrothyra sera Matthew; Walcott, p.718-9, pl. LXXX, figs. 4-8 
1921 Acrothyra cf. sera Matthew; Cobbold, p. 350, pl. 23, figs. 9-18 
1934 Acrothyra sera Matthew; Cobbold & Pocock, p. 332 
1978  Acrothyra cf. sera Matthew; Cocks, p. 24 
1987  Acrothyra cf. sera Matthew; Hinz, p.51, plate 12, figs. 17-18, 20 
1987  Acrothyra signata sera Matthew; Hinz, p.51, plate 12, fig 14 
2008 Acrothyra sera? Matthew; Landing et a., p. 900, figs. 6.11-6.18 
2008  Linnarssonia cf. sera (Matthew); Cocks, p.30 
Type: Hypotype figured by Walcott (1912, p.718, plate 80.f.6) and held in the Smithsonian National 
Museum of Natural History under reference PAL52054-5 from the middle Cambrian of Cape Breton, 
Nova Scotia. The type material from North America has not been reviewed as part of this study.  
Material, localities and horizons: 12 ventral and six dorsal valves from the “Lapworthella Limestone” 
of the Lower Comley Limestones (Cobbold’s Ad horizon; Series 2, Stage 4) of Comley, Shropshire and 
four ventral valves from the Upper Comley Sandstone (“Acrothele prima” shales; Cobbold’s Horizon 
Bc; Series 3, Guzhangian stage) of Shropshire. A further 14 ventral valves were described from 
undifferentiated Comley limestones by Hinz (1987); this material has not been available in the present 
study. 
Occurrence in Southern Britain: Known only from the “Lapworthella Limestone” of Comley, 
Shropshire. 
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Occurrence elsewhere: Known from the late Lower and early Middle Cambrian of Avalonian 
Newfoundland as reported from Cape Breton Walcott (1912) and New Brunswick (Landing et al. 
2008).  
Diagnosis: Ventral valves transverse oval with short posterior margin, moderately to highly convex; 
well defined ventral pseudointerarea divided by intertrough; small pedicle foramen located subapical on 
posterior face; apical process subcircular, anterior to foramen, not thickened anteriorly; dorsal valve 
with well defined, low median septum and well defined cardinal muscle field; dorsal pseudointerarea 
divided by broad median groove. 
Description: 
Ventral valves transverse oval with short, straight to slightly convex posterior and wide, convex anterior 
margins; mean maximum ventral valve length 1.6mm, mean maximum width 1.9mm and mean 
length:width ratio 0.90. Ventral valve measurements are summarised in Table 37. 
Ventral valves moderate to high convex with maximum height immediately anterior to posterior 
margin. Ventral pseudointerarea well defined, catacline to steeply procline (inclined at around 80-90o to 
the commissural plane), sub-triangular, clearly divided by a broad, shallow furrow (Plate 11h). 
Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
WAP% LAP% 
Number 9 10 7 5 3 
Mean 1.6 1.9 0.87 7.5% 18.6% 
Median 1.6 1.9 0.89 8.3% 18.7% 
St. Dev 0.46 0.46 0.05 2% 2.5% 
Min 0.9 1.0 0.86 4.3% 16.0% 
Max 2.5 2.8 0.95 9.5% 21.0% 
 
Table 37 Ventral valve measurements of Hadrotreta cf. sera 
Pedicle foramen small (less than 100um diameter) representing around 5% of valve width, circular, 
located immediately subapical on posterior face of the valve, at top of intertrough (Plate 11c-d). Apical 
process subcircular, representing 7.5% of valve width and 18.6% of valve length on average; located 
immediately anterior to foramen. Ventral cardinal muscle scars and mantle canals not detected in the 
present material. 
Dorsal valves transverse oval with mean maximum valve length 1.7mm, mean maximum width 2.0mm 
and mean length:width ratio 0.86 (Table 38). Dorsal valves not well preserved with the exception of one 
valve (Plate 11j-k). Median septum well defined, ridge-like, extending approximately two thirds of 
valve length, representing 6% of valve width. Cardinal muscle scars well developed, subcircular 
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measuring approximately 17% of valve width and total width of muscle field representing 50% of valve 
width. Other dorsal valves associated with this material show a narrow ridge-like median septum. 
Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm% Cm% LCm% Wsep% LSep% 
Number 6 6 6 3 3 3 3 3 
Mean 1.7 2.0 0.86 51.9% 14.3% 24.3% 6.4% 41.3% 
Median 1.6 2.1 0.83 50.0% 15.0% 26.7% 5.6% 30.4% 
St. Dev 0.5 0.5 0.04 3.2% 2.9% 4.1% 3.2% 22.1% 
Min 0.5 0.5 0.75 50% 11.1% 19.6% 3.7% 26.7% 
Max 1.6 2.1 0.95 55.6% 16.7% 26.7% 10% 66.7% 
 
Table 38 Dorsal valve measurements of Hadrotreta cf. sera 
Dorsal pseudointerarea not well preserved, steeply procline to catacline (inclined 70-900 to commissural 
plane); divided by broad median groove. 
Shell thick, composed of numerous laminae, up to eight layers (Plate 11a, 11d); columnar shell 
structure (Plate 11o-p). External ornament consists of fine, very closely-set concentric growth lines 
(Fig. SEM 28) and many specimens also show fine ribs radiating from the apex to the anterior margin. 
Impressions of epithelial cell moulds recorded on thickened areas of the valve such as the apical process 
are discussed in detail in Winrow & Sutton (2012) and Chapter 7 of this thesis. 
Discussion: 
The material reviewed here is relatively poorly preserved and few internal features have been identified 
with certainty, making identification difficult.  
Walcott (1912) reviewed four forms of Acrothyra (including A. signata sera) and Acrotreta and 
concluded each of these was within the bounds of acceptable gradation and assigned each to A. sera on 
the basis that he did not consider it practicable to establish varieties and species, retaining A. signata as 
a separate species. Hinz (1987) retained A. cf. sera and A. signata sera as separate taxa and compared 
the material with A. comleyensis, based only on ventral valve material from the Lower Comley 
Limestones. The main distinction drawn by Hinz (1987) between the three species is based on the 
connection between the visceral area and the pedicle foramen and the presence of apical pits in A. 
comleyensis. Apical pits have not been noted in the present material. Cocks (2008) referred the species 
to Linnarssonia but without description or explanation. 
Although this species was originally assigned to Acrothyra Matthew 1901, the ventral valve of 
Acrothyra has an apsacline pseudointerarea and elongate apical process, thickened anteriorly (Holmer 
& Popov 2000, p.104) which is not consistent with the material reviewed here. The size and 
characteristics of the apical process rule out most other Acrotretid genera described by Holmer & Popov 
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(2000; 2007) and others with a similar apical process can be discounted for a number of reasons, 
including having conical ventral valves (Vandalotreta, Amictocracens, Apsotreta, Dactylotreta) and 
different characteristics of the pseudointerarea, in particular the lack of an intertrough (Amictocracens, 
Apsotreta, Eurytreta, Anabolotreta, Galinella).  
Ventral valves of Linnarssonia, Hadrotreta and Kostjubella are similar in shell outline, with short 
rounded posterior margin, convex profile, pseudointerarea divided by intertrough and high bosslike 
apical process. Ventral valves of Kostjubella, as described by Popov et al. (1996) from Kazakhstan, are 
strongly convex whereas the present material is more moderately convex and dorsal valves have a 
“lens-like” median groove and strong, subtriangular median septum unlike the present material; this 
genus has not been reported from any other location. Although the ventral valves of the present material 
compare closely to Linnarssonia, as summarised by Holmer et al. (2001), who suggest that key 
characteristics of the genus are the bi-convex shell and high apical process, dorsal valves of 
Linnarssonia have an undivided pseudointerarea and a high median ridge, unlike the present material.  
Hadrotreta primaaea is large for the family with average length of 3.8mm and average width of 4.6mm 
with a length:width ratio of 81% (Rowell, 1966). Although the material reviewed here is considerably 
smaller, the average length:width ratios are comparable and this material is best assigned to Hadrotreta 
as dorsal valves of the present material have a pseudointerarea with shallow median groove and a low 
ridgelike median septum. Although Hadrotreta has been identified in the Lower-Middle Cambrian of 
Laurentian North America, Australia and Kazakhstan (Holmer & Popov 2000, p.112) it has not 
previously been identified in Avalonia.  
A. cf. sera and A.? sera have been reported from beds around the Lower- Middle Cambrian of New 
Brunswick, Avalonian Newfoundland (Landing et al. 2008); in their discussion they suggested that 
there may be synonymy between A. sera and A. comleyensis, which is not supported in this review. In 
H. cf. sera the apical process is generally smaller (representing only 7.5% of valve width and extending 
approximately 19% of valve length) and more subcircular in shape than found in A. comleyensis which 
is broader, representing 10% of valve width, tongue shaped, thickened anteriorly and extends 
approximately 34% of valve length. The ventral pseudointerarea of the two taxa is similar although in 
H. cf. sera it is more typically catacline, with the shallow intertrough well developed in both species. 
The pedicle foramen in H. cf. sera is typically much smaller and is located immediately sub-apically on 
the posterior surface, whilst the foramen in L.? comleyensis is typically larger and clearly forms a 
pedicle tube. Dorsal valves of L.? comleyensis have not been identified. The dorsal valves of H. cf. sera 
show a broad median groove in the pseudointerarea, typical of Hadrotreta.  
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Hadrotreta matleyi (Cobbold, 1921) (Plate 12, figs. d-p) 
1876 Acrotreta socialis; Linnarsson, p.16-18, pl.III, figs. 32-35 
1911 Acrotreta aff. socialis Von Seebach; Matley (in Cobbold), p. 303, pl. XXVI, figs.  
 11-12 (not 13) 
1921 Acrotreta schmalenseei var. matleyi Cobbold, p. 346, pl. 22, figs. 26-30, ?fig. 31. 
1978  Acrotreta matleyi Cobbold; Cocks, p. 22 
2008  Linnarssonia? matleyi (Cobbold, 1921); Cocks, p.30 
Holotype: By original designation SM A347 from the “Shoot Rough Road Flags” of the Upper Comley 
Sandstone Formation (Cobbold’s Horizon Bc; Cambrian Series 3, Guzhangian stage) of Comley, near 
Church Stretton, Shropshire. Grid Ref. SO 488 964.  
Material, localities and horizons: A total of 56 valves (34 ventral and 22 dorsal); 52 from the 
“Billingsella Beds” of the “Shoot Rough Road Flags” of the Comley area of Shropshire (Cobbold’s Bc; 
Series 3, Guzhangian stage), two from the “Doropyge lakei Flags” (Cobbold’s Ba3; Series 3, Drumian 
stage) and one from the Eaton Constantine 4 borehole, formation unknown. 
Occurrence in Southern Britain: Known only from Upper Comley Sandstone Formation; “Shoot Rough 
Road Flags” (Cobbold’s Bc; Series 3, Guzhangian stage) and the “Doropyge lakei Flags” (Cobbold’s 
Ba3; Cambrian Series 3, Drumian stage) of the Comley area, Shropshire. 
Occurrence elsewhere: Not known from outside the Comley area, Shropshire. The material described 
here is similar to material from the Paradoxides forchhammeri zone of the uppermost Middle Cambrian 
(Series 3, Guzhangian stage) of Sweden assigned to Acrotreta schmalenseei by Walcott (1912) and was 
previously recorded as a variety of A. schmalenseei. 
Diagnosis: Transverse oval to subcircular ventral valves with very small pedicle foramen; apical 
process variable but typically sub-rounded, bosslike and located immediately anterior to foramen; 
ventral pseudointerarea with deep intertrough. Dorsal pseudointerarea small, triangular, divided by 
median groove; median septum triangular with maximum width at anterior end, extending around three 
quarters of valve length. 
Description: 
Ventral valves transverse oval to subcircular with maximum width around mid valve and straight 
posterior margin; ventral valves moderate to high convex. Ventral valves with mean maximum length 
1.9mm, mean maximum width 1.8mm, mean length:width ratio 0.83. Ventral valve measurements are 
summarised in Table 39. 
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Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm% CM% LCM% WAP% LAP% Lmc% Pt% 
Number 34 34 34 4 4 3 26 26 12 20 
Mean 1.8 2.2 0.83 51.0% 17.0% 29.1% 9.0% 26.0% 39.8% 2.8% 
Median 1.9 2.4 0.82 50.9% 18.2% 28.6% 9.0% 25.6% 33.3% 2.6% 
St. Dev 0.5 0.6 0.05 13.0% 4.4% 7.6% 3.4% 7.1% 11.4% 0.9% 
Min 0.7 0.8 0.73 35.4% 10.8% 21.7% 3.9% 13.2% 27.8% 1.3% 
Max 2.6 3.0 0.92 66.7% 20.8% 36.8% 18.2% 38.1% 61.9% 5.0% 
 
Table 39 Ventral valve measurements of Hadrotreta matleyi 
Ventral pseudointerarea catacline, sometimes steeply procline around 80o- 90o to commissural plane, 
divided by wide, often deep, intertrough; circular, apical pedicle foramen at top of trough (Fig. Plate 
12h, 12k). 
Ventral apical process strongly developed, high, bosslike, varies from rounded to sub-rounded to sub-
triangular in outline, widening anteriorly; located immediately anterior to pedicle foramen, which is 
generally indicated by the presence of a very small circular pedicle tube, on average only 2.9% of valve 
width (Plate 12g).  
Dorsal valve transverse oval in outline with straight posterior margin; weakly convex. Mean maximum 
dorsal valve length 2.0mm, mean maximum width 2.4mm, mean length:width ratio 0.84. Dorsal valve 
measurements are summarised in Table 40.  
Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm% Cm% Lcm% Wsep% Lsep% 
Number 22 22 22 3 3 3 16 16 
Mean 2.0 2.4 0.84 36.8% 10.5% 17.3% 4.9% 74.5% 
Median 2.0 2.5 0.80 35.2% 10.7% 17.0% 3.9% 73.0% 
St. Dev 0.5 0.5 0.06 5.5% 0.7% 1.6% 2.1% 8.3% 
Min 1.1 1.4 0.73 32.3% 9.7% 16.0% 2.4% 63.0% 
Max 2.7 3.1 0.95 42.9% 11.1% 19.0% 7.9% 89.5% 
 
Table 40 Dorsal valve measurements of Hadrotreta matleyi 
Dorsal pseudointerarea generally poorly preserved, small, triangular, divided by median groove with 
small, pointed umbo overhanging pseudointerarea in some specimens (Plate 12o). Dorsal median 
septum well developed, triangular, widening to maximum width anterior of mid valve, representing on 
average 4.9% of total valve width; septum extends on average 74.5% of valve length. There is limited 
evidence of development of median buttress in dorsal valves in the material examined. 
Ventral cardinal muscle scars well preserved in only a small number of specimens; large, rounded to 
subrounded and located posterolateral to apical process. Dorsal cardinal muscle scars also only well 
preserved in a small number of specimens, located posterolaterally, subrounded to oval and relatively 
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small compared to dorsal cardinal muscles in other taxa, individual muscles representing only on 
average 10.5% of valve width. Muscle scars represented as relatively deep depressions in casts 
indicating high, thickened areas.  
Vascula lateralia rarely well preserved in ventral valves; baculate, narrow (representing on average 
4.1% of valve width) and extending beyond the apical process, on average 40% of valve length, 
diverging at around 45 O from the medial position of the valve (Plate 12k-l); mantle canals have not 
been identified in dorsal valves. 
Impressions of epithelial cell moulds recorded on thickened areas of the valve (Plate 12j, 12l-m) are 
discussed in detail in Winrow & Sutton (2012) and Chapter 7 of this thesis. 
Discussion:  
The material described here has an apical process anterior to the foramen, a ventral pseudointerarea 
divided by intertrough, apical pits lateral to the foramen, baculate vascula lateralia and a small 
triangular dorsal pseudointerarea divided by a median groove, all of which are typical of Hadrotreta. 
Whilst the characteristics of the ventral valves are similar to Linnarssonia, the dorsal pseudointerarea of 
H. matleyi is divided. Other Cambrian genera with the apical process anterior to the foramen and a 
ventral pseudointerarea with intertrough include Anelotreta, which has a large foramen, Angulotreta 
which has a long, ridgelike apical process, Kotylotreta which has a more conical valve shape and 
Vandalotreta which has a wide conical valve outline. On the basis of these differences, the material is 
assigned to Hadrotreta. 
Matley (in Cobbold 1911), Walcott (1912) and Cobbold (1921) compared Acrotreta schmalenseei and 
A. schmalenseei var matleyi with Acrotreta socialis (recently reassigned to the new genus 
Clupeafumosus). The key characteristics of A. schmalenseei, described from Swedish material by 
Walcott (1912, p. 709), include small valve lengths (1.5-2mm), an “exceedingly minute” pedicle 
aperture, shallow median groove, well developed vascular sinuses either side of the visceral area, dorsal 
valves with variable median septum and cardinal muscle scars. Walcott (1912) discussed the similarity 
of his material with A. socialis, and erected A. schmalenseei for the typically smaller taxon with minute 
pedicle. Although the present material is similar to A. schmalenseei it differs in lacking strong mantle 
canals and in the characteristics of the ventral intertrough, which is typically deep in the present 
material.  
Although Matley (in Cobbold 1911) described and figured numerous specimens of Acrotreta aff. 
Socialis from the British Cambrian, he highlighted that the material he described was smaller and 
therefore more like the material assigned to Acrotreta schmalenseei by Walcott; Matley’s material is 
reviewed herein and is assigned to the new species H. matleyi. Cobbold (1921) suggested that the 
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ventral valves of material from the “Shoot Rough Road Flags” differed consistently from the 
description of A. schmalenseei by Walcott (1912) in that “the apex is always situated over or behind the 
posterior margin never in front of it”, whilst the material figured by Cobbold (plate XXII, figs. 26-30) 
indicates the pseudointerarea to be catacline. Otherwise this material was considered by Cobbold to be 
identical to Walcott’s species and he identified this material under the variety A. schmalenseei matleyi. 
On the basis of differences described herein, Cobbold’s material is assigned herein to the new species 
H. matleyi. 
The apical process of Clupeafumosus socialis is perforated by the pedicle foramen and the dorsal 
median septum is long and narrow, terminating with a high triangular projection anteriorly (Topper et 
al., 2013), whilst H. matleyi has the apical process anterior to the foramen and the median septum is 
triangular in outline with no apparent anterior projection, supporting the differentiation between these 
two taxa. 
Hadrotreta rushtoni sp. nov (Plate 10, figs. n-r) 
1998 Linnarssonia sagittalis (Davidson) Bridge et al. pl 8, fig k 
Holotype: Ventral valve of ZS4523 from the Abbey Shale Formation (Cambrian Series 3, Drumian-
Guzhangian Stage) in Nuneaton, held in the collections of the British Geological Survey. 
Etymology: Named after Dr. Adrian Rushton who has done much palaeontological research in the lower 
Palaeozoic of the English Midlands and who recently led the revision of British Cambrian stratigraphy 
(Rushton et al. 2011). 
Material: A total of seven valves, four ventral and three dorsal valves, all from the Abbey Shale 
Formation (Series 3, Drumian-Guzhangian Stage). Specimens BGS ZS4522, ZS4523 are part and 
counterpart of a ventral and dorsal valve. BGS GSM 57870 contains two pairs of dorsal and ventral 
valves and a separate ventral valve.  
Occurrence: Known only from the Abbey Shale Formation in Nuneaton. 
Description: 
Both valves transverse oval with short weakly convex posterior margin and maximum width around or 
anterior of mid valve; both valves weakly convex and show development of concentric growth rings. 
There is a wide range of valve sizes (Table 41) in the relatively small number of valves but the relative 
proportions of key features are more or less consistent; the range of valve sizes could reflect differing 
stages of ontogeny. Mean valve length of both valves 3.3mm, mean width of both valves 4.0mm, mean 
length:width ratio 0.81. 
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Ventral pseudointerarea catacline, wide, divided by a shallow intertrough (Plate 10o, 10q). Small, 
subcircular pedicle tube (120um diameter, representing 2.7% of valve width) located immediately 
posterior to well developed, rounded, moderately high apical process which represents on average 8.5% 
of valve width and extends on average 20.2% of valve length (Plate 10q); anterior margin of apical 
process marked by rounded margin. Apical pits not identified. Apical process flanked by deeply 
impressed, baculate, narrow vascula lateralia which represent on average 2.2% of valve width and 
extend at around 45O from the medial position of the valve (Plate 10q); vascula lateralia do not extend 
far beyond the apical process, extending on average 23.3% of valve length. 
Dorsal pseudointerarea triangular, divided by median trough although preservation is not clear (Plate 
10p). Dorsal median septum represented by thin, low ridge which extends approximately 31% of valve 
length (Plate 10o-p). Median buttress, long and narrow, extending 24% of valve width, developed in 
one specimen only (Plate 10o). Vascula lateralia represent approximately 2% of valve width and extend 
22% of valve length. 
Small, subcircular, deeply impressed ventral cardinal muscle fields located posterolateral to apical 
process, represent on average 5.1% of valve width with total width of cardinal muscle field 33% of 
valve width. No evidence of dorsal muscle fields. 
Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm%  CM%  LCM% 
 
WAP% LAP% Lmc%  
Number 4 4 4 2 2 2 2 2 2 
Mean 3.3 4.0 0.81 33.0% 5.1% 11.7% 8.5% 20.2% 23.3% 
Median 3.4 4.0 0.81 N/A N/A N/A N/A N/A N/A 
St. Dev 0.89 0.74 0.07 6.3% 0.8% 0.8% 0.2% 2.4% 1.5% 
Min 2.4 3.3 0.73 28.6% 4.6% 11.1% 8.3% 18.5% 22.2% 
Max 4.1 4.8 0.89 37.5% 5.7% 12.2% 8.6% 22.0% 24.4% 
 
Table 41 Ventral valve measurements of Hadrotreta rushtoni 
Discussion:  
Although BGS ZS4523 was illustrated as Linnarssonia sagittalis in Bridge et al. (1998) without 
description, this taxon differs from L. sagittalis in a number of respects. The valves of the present 
material are more gently convex, the median septum extends only approximately 31% of the valve 
length, compared to a mean median septum length of 67% in L. sagittalis and there is no evidence of 
the septum widening anteriorly which is characteristic of L. sagittalis. Further, the apical process is not 
as high as in L. sagittalis and the valves are considerably larger than L. sagittalis as described above. 
There are a small number of other genera known from the Cambrian which have ventral valves 
comparable to the present material. In particular Linnarssonia, Hadrotreta and Kostjubella are most 
similar in shell outline, with a short rounded posterior margin, convex profile, pseudointerarea divided 
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by intertrough and high bosslike apical process. Hadrotreta has a typically rounded bosslike apical 
process with no indication of anterior thickening and Rowell (1966) indicated that Hadrotreta primaaea 
(the only species at the time) was large for the family with average length of 3.8mm and average width 
of 4.6mm with a length:width ratio of 81%. The material reviewed here is of similar dimensions to the 
type species and is assigned to Hadrotreta as the dorsal pseudointerarea is divided by a median groove 
and the median septum is represented by a low ridge, whilst the dorsal pseudointerarea of Linnarssonia 
is undivided and the septum is high; and the ventral valve of Kostjubella has a more strongly convex 
posterior margin and the dorsal valve has a high, triangular median septum.  
This material differs from Hadrotreta primaaea, the type species, in having a smaller pedicle tube, 
subcircular rather than sub-elliptical cardinal muscle scars and the ventral valve is less highly convex. 
That these three specimens are all found with both dorsal and ventral valves of the animal closely 
preserved indicates that the Abbey Shale Formation represents a low energy environment. 
Genus STILPNOTRETA Henderson & MacKinnon 1981 
Type species: Original designation by Henderson & MacKinnon Stilpnotreta magna from the Middle to 
early Late Cambrian of Australia. Range: Middle Cambrian - Upper Cambrian. 
Diagnosis: [After Holmer et al. 2001] Shell almost equibiconvex, sub-circular to transversely oval with 
short, convex posterior margin; ventral pseudointerarea vestigial; foramen enclosed within larval shell; 
dorsal pseudointerarea orthocline with wide median groove and vestigial propareas; apical process 
subtriangular, occluding apex, extending to mid valve; dorsal visceral field with narrow anterior 
projection extending to mid valve, bisected by low median ridge; dorsal median buttress absent. 
Occurrence: Middle Cambrian – Upper Cambrian of Kazakhstan, Kirghizia, Russia (Novaya Zemlya, 
Siberia); Antarctica, Sweden, Australia, New Zealand, Great Britain.  
Stilpnotreta? sp. (Plate 13, fig. r) 
Material, localities and horizons: One dorsal valve from the late Middle Cambrian “Billingsella Beds” 
(Cobbold’s Bc horizon; Series 3, Guzhangian stage). Ref: NMW 22.344.G13b 
Description: Dorsal valve transverse oval with wide straight posterior margin, maximum width of 
1.8mm around mid valve; maximum valve length 2.2mm, length:width ratio 0.82. Median septum low, 
narrow, bladelike, extending around one third of valve length; anterior end of median septum marked 
by high triangular profile. Small, deeply impressed circular cardinal muscle scars located posterolateral 
to the septum at the posterior margin; 70um in diameter and representing approximately 4% of valve 
width. Dorsal pseudointerarea poorly preserved, low and divided by median groove (Plate 13r). 
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Discussion  
There are few Cambrian genera with a short, bladelike triangular median septum. These include 
Odontotreta, Stilpnotreta and Treptotreta. The pseudointerarea of Odontotreta is divided by a median 
ridge and the median septum of Treptotreta is typically higher than the present material. On the basis of 
these differences in morphology, and the lack of ventral valves, this valve is tentatively assigned to 
Stilpnotreta under open nomenclature.  
 
Genus ALEXELLUS gen. nov  
Type species: Alexellus perforata from the “Billingsella Beds” of the Comley area (Cobbold’s Bc; 
Cambrian Series 3, Guzhangian stage). 
Etymology: Named after my son Alex.  
Diagnosis: Ventral valve transversely oval with short, straight posterior margin, moderate to high 
convex; ventral pseudointerarea weakly procline to catacline, divided by a broad vertical intertrough. 
Apical process well developed, high, bosslike, subcircular and perforated by very small circular pedicle 
foramen; small apical pits lateral to the pedicle foramen. 
Occurrence in Southern Britain: Known only from the “Billingsella Beds” of the Upper Comley 
Sandstone Formation (Cobbold’s Bc; Series 3, Guzhangian stage) of the Comley area, Shropshire.  
Alexellus perforata sp. nov (Plate 13, figs. l-n) 
Holotype: SM A353, ventral valve interior, from the “Billingsella Beds” of the Comley area (Cobbold’s 
Bc; Series 3, Guzhangian stage).  
Etymology: Species named for the characteristic perforated apical process. 
Material, localities and horizons: 11 ventral valves from the “Billingsella Beds” of the Comley area 
from the late Middle Cambrian (Cobbold’s Bc; Series 3, Guzhangian stage).  
Occurrence: Known only from the “Billingsella Beds” of the Upper Comley Sandstone Formation 
(Cobbold’s Bc; Series 3, Guzhangian stage) of the Comley area, Shropshire. 
Diagnosis: As for genus 
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Description:  
Ventral valves transverse oval, with short, straight posterior and wide, convex anterior margins. Ventral 
valves moderate to high convex. Mean maximum ventral valve length 1.8mm, mean maximum valve 
width 2.1mm, mean length:width ratio 0.83. Ventral valve measurements are summarised in Table 42. 
Ventral pseudointerarea well defined, weakly procline to catacline, inclined at around 80-90o to the 
commissural plane, sub-triangular and clearly divided by a broad intertrough.  
Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm 
% 
CM 
% 
WAP 
% 
LAP 
% 
Pt% 
Number 11 11 11 1 1 9 7 11 
Mean 1.8 2.1 0.83 35.7% 12.5% 7.5% 20.1% 2.6% 
Median 1.8 2.1 0.83 - - 6.5% 21.4% 2.6% 
St. Dev 0.44 0.53 0.04 - - 2.5% 5.7% 0.5% 
Min 0.9 1.1 0.78 - - 5.4% 13.6% 1.9% 
Max 2.3 2.8 0.91 - - 11.8% 27.8% 3.3% 
 
Table 42 Ventral valve measurements of Alexellus perforata 
Ventral apical process well developed, high, variable in outline but typically sub-rounded, bosslike, 
width on average representing 7.5% of valve width and length representing 20% of valve length (Plate 
13n); perforated by very small circular pedicle foramen (Plate 13n), measuring on average only 2.6% of 
valve width. 
Small, deeply impressed circular apical pits lateral to pedicle foramen (Plate 13n) are interpreted as 
representing umbonal muscle scars. Ventral cardinal muscle scars (Plate 13m), small, circular, located 
posterolateral to apical process on posterior face of valve. Width of Cardinal Muscle field represents 
around one third of valve width. 
Vascula lateralia narrow, representing 2.6-3.3% of valve width, baculate, diverging at around 45o, not 
extending far beyond apical process to approximately one quarter of valve length (Plate 13l). 
Shell composed of numerous laminae; external ornament consisting of fine, very closely-set concentric 
growth lines.  
Discussion: There are only five known Cambrian genera with apical pits lateral to the foramen (Holmer 
& Popov, 2000). Although the present material has many of the characteristics of Hadrotreta, the apical 
process of Hadrotreta is located anterior to the foramen, Canthylotreta has a low apsacline 
pseudointerarea and the apical process only partly encloses the foramen, Physotreta has a typically wide 
pedicle tube, Mixotreta has a typically subconical valve and the ventral pseudointerarea is divided by a 
narrow, shallow intertrough, whilst the ventral valves of Kotylotreta are typically low, conical with a 
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broad apical process extending from the posterior to anterior slope and perforated posteriorly. On the 
basis of these differences it is appropriate to establish a new genus for the present material.  
Clupeafumosus socialis, known also from the middle Cambrian of southern Britain, also has apical pits 
located lateral to the foramen and the apical process is perforated by the pedicle foramen. There are, 
however, a number of differences between these taxa; the ventral pseudointerarea is divided by a 
narrow intertrough in C. socialis and a broad intertrough in Alexellus perforata, C. socialis has well 
defined, large cardinal muscles and the foramen in C. socialis is larger, representing on average 4.7% of 
valve width compared to only 2.6% in Alexellus perforata. Although Hadrotreta matleyi, from the 
middle Cambrian of southern Britain, is also typified by a very small pedicle foramen measuring on 
average 2.9% of valve width, the apical process is located immediately anterior to the foramen.  
Genus CLUPEAFUMOSUS Topper et al. 2013 
Type and only species: Acrotreta socialis von Seebach, 1865, from the Andrarum Limestone (Series 3, 
Guzangian stage) of Bornholm, Denmark. 
Diagnosis: [After Topper et al. 2013] Ventral valve broadly convex to subconical; pseudointerarea 
procline, with weak intertrough; pedicle foramen not enclosed within larval shell; apical process 
forming prominent ridge that broadens anteriorly and posteriorly, predominantly occludes in the 
umbonal region, perforated by pedicle tube; apical pits prominent, placed directly lateral to apical 
process; dorsal valve flat to slightly convex; dorsal pseudointerarea with strong median groove; dorsal 
median septum high, triangular with single projecting rod.  
Clupeafumosus socialis (von Seebach) (Plate 13, figs. a-k) 
1865 Acrotreta socialis von Seebach, p.338-347, pl. 8a, figs. 1-4 
1902 Acrotreta sp. cf. A. socialis von Seebach; Matley, p.144, figs. 15-16 
1912 Acrotreta socialis von Seebach; Walcott, p.711-13, pl. LXXIII, figs. 3-4 
1921  Acrotreta socialis von Seebach?; Cobbold, p.347, pl. 22, fig. 35 
1978 ‘Acrotreta’ cf. socialis von Seebach; Cocks, p. 22 
2000 Treptotreta? socialis (von Seebach); Bruton & Harper, p.40-42, figs. 7A-G, 8A-G 
2008 Acrotreta? cf. socialis von Seebach1865; Cocks, p. 28 
2013 Clupeafumosus socialis (von Seebach 1865); Topper et al., p.198, figs. 2-4 
Neotype: Ventral valve LO11831T from the Andrarum Limestone (Series 3, Guzhangian stage) at Olea, 
Denmark, type locality of A. socialis. 
Occurrence in Southern Britain: Found in the “Shoot Rough Road Flags” (Cobbold’s Bb5; Series 3, 
Guzhangian stage) and “Billingsella Beds” (Cobbold’s Bc; Series 3, Guzhangian stage) of the Comley 
area, Shropshire. 
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Occurrence elsewhere: Described by Topper et al. (2013) from the type locality at Bornholm Denmark. 
The taxon Acrotreta socialis has also been described historically from the Cambrian of Sweden and 
Norway, although the assignment of that material has not been reviewed recently.  
Material, localities and horizons: A total of 27 valves (12 ventral and 15 dorsal valves) from the 
Middle Cambrian “Shoot Rough Road Flags” of the Comley area of Shropshire (Cobbold’s Bb5; Series 
3, Guzhangian stage) and 7 dorsal valves from “Billingsella Beds” of the Comley area of Shropshire 
(Cobbold’s Bc; Series 3, Guzhangian stage).  
Diagnosis: As for Genus.  
Description: 
Valves transversely oval with maximum width at about midpoint of the valve, wide, straight posterior 
margin. Biconvex; ventral valves moderately to highly convex, dorsal valves weakly convex. Ventral 
pseudointerarea weakly procline to catacline (inclined 70-90o to commissural plane), divided by median 
intertrough with circular, apical pedicle foramen.  
Mean maximum ventral valve length 1.4mm, mean maximum valve width 1.8mm, mean length:width 
ratio 0.81. Ventral valve measurements are summarised in Table 43. Ventral apical process high, 
ridgelike, occluding umbo; not extending far from posterior margin (Plate 13d), representing on average 
10.9% of valve width and extending around 28% of valve length. Apical process perforated by pedicle 
foramen, indicated internally by presence of circular pedicle tube measuring on average 4.7% of valve 
width (Plate 13a, 13b). Apical pits, interpreted as umbonal muscle scars, are small, circular and deeply 
impressed; located lateral to pedicle foramen. 
 L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm
% 
CM% LCM
% 
WAP% LAP% Pt% Lmc% 
Number 12 12 12 3 3 3 5 5 6 2 
Mean 1.4 1.8 0.81 43.5% 11.7% 21.6% 10.9% 28.0% 4.7% 38.5% 
Median 1.3 1.7 0.83 43.8% 12.5% 23.1% 11.1% 27.4% 4.4% 38.5% 
St. Dev 0.38 0.44 0.05 0.02 0.03 0.05 0.05 0.08 0.02 0.00 
Min 0.9 1.1 0.71 41.2% 8.8% 15.4% 6.3% 26.7% 2.5% 38.5% 
Max 2.2 2.6 0.86 45.5% 13.6% 26.3% 13.5% 30.8% 7.1% 38.5% 
 
Table 43 Ventral valve measurements of C. socialis 
Mean maximum dorsal valve length 2.0mm, mean maximum valve width 2.3mm, mean length:width 
ratio 0.84. Dorsal valve measurements are summarised in Table 44. Dorsal pseudointerarea generally 
well defined, divided by narrow median groove. Dorsal median septum well developed, straight, 
narrow, terminating with high, triangular projection at anterior end (Plate 13g, 13i). Maximum width 
representing 3-10% of total valve width (mean 6.7%); mean length of septum 72.3%.  
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Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm% Cm% Lcm% Wsep% Lsep% 
Number 22 22 22 9 8 8 18 18 
Mean 2.0 2.3 0.84 50.9% 14.7% 22.5% 5.5% 71.4% 
Median 2.0 2.3 0.83 54.6% 14.3% 22.8% 6.6% 73.8% 
St. Dev 0.4 0.5 0.04 0.08 0.02 0.05 0.03 0.07 
Min 1.0 1.2 0.76 42% 12.0% 16.7% 1.6% 54.2% 
Max 2.8 3.2 0.91 65.0% 18.2% 31.6% 10.3% 84.2% 
 
Table 44 Dorsal valve measurements of C. socialis 
Thickened cardinal muscle fields well developed in both valves (Plate 13g, 13i). Ventral cardinal 
muscle scars large, rounded to subrounded, located posterolaterally to apical process. Mean width of 
ventral cardinal muscle field 43.5%, individual scars represent on average 21.6% of valve length. 
Dorsal muscle scars located posterolaterally, larger than ventral cardinal muscles, rounded to 
subrounded. Mean width of dorsal cardinal muscle field 52.5% and represent on average 31.6% of 
valve length. 
Mantle canals generally not well defined; where noted ventral vascula lateralia (only three valves) are 
narrow (representing between 2.1-3.8% of valve width), baculate and do not diverge at wide angle from 
apical process, extending on average 38.5% of valve length. In dorsal valves, vascula lateralia are 
noted in only two valves; they are narrow, representing 2% of valve width and extend for 43% of valve 
length. 
Shell composed of numerous laminae with up to seven layers identified (Plate 13k); external ornament 
of regularly spaced concentric growth lines. Shell structure columnar. Impressions of epithelial cell 
moulds recorded on thickened areas of the valve (Plate 13b, 13k) are discussed in detail in Winrow & 
Sutton (2012) and Chapter 7 of this thesis.  
Discussion:  
von Seebach (1865) originally described Acrotreta socialis from the Andrarum Limestone (Cambrian 
Series 3, Guzhangian stage) of the Danish island of Bornholm. Walcott (1912, p. 711) described 
Acrotreta socialis from the late Middle Cambrian of Sweden (Series 3, Guzhangian stage) and 
compared it with Acrotreta schmalenseei, a new species he erected in the same publication. Although 
Matley (in Cobbold 1911) tentatively assigned Middle Cambrian material from the late Middle 
Cambrian “Shoot Rough Road Flags” (Cobbold’s Bb5; Series 3, Guzhangian stage) to Acrotreta aff. 
socialis that material is reassigned to the new species H. matleyi herein. Cobbold (1921) tentatively 
assigned further material from the “Hill House Flags Fm.” (Cobbold’s Ba3; Series 3, Drumian stage) to 
Acrotreta socialis. 
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Whilst the present material has many of the characteristics of A. socialis as described by Walcott 
(1912), Walcott’s figures (1912; pl. LXXIII, Figs. 3-5) illustrate a large and elongate pedicle aperture, 
suggesting that his material should be assigned to the Ceratretidae rather than A. socialis.  
Although the original type material of A. socialis is now missing, Topper et al. (2013) have recently re-
described it, using newly collected material from the type locality. They concluded that while new 
material accorded in many respects with the original description of A. socialis by von Seebach (1865), 
that description conflated data from several species, including Acrothele granulata, and was hence 
unreliable (this conflation was also noted by Linnarsson, 1876, and Walcott, 1912). On the basis of their 
new description, and despite some similarities to a number of Cambrian acrotretids (including 
Linnarssonia, Hadrotreta, Vandalotreta and Prototreta), Topper et al. (2013) considered that the 
combination of a ridge-like apical process, prominent triangular median septum with a single projecting 
rod and a pedicle foramen not enclosed within the larval shell to be unique. They hence erected the new 
genus Clupeafumosus to house socialis; this taxonomic solution is followed here.  
The material reviewed herein from Shropshire is poorly preserved in comparison to that of Topper et al. 
(2013) which is etched from the Andrarum limestone; as a result not all the key morphological features 
are as clearly distinguishable. Nonetheless, the Shropshire material conforms with Topper et al’s (2013) 
description in details of the apical process, median septum, pseudointerareas of both valves and the 
cardinal muscles. While there is no clear preservation of the exterior of the ventral valve which shows 
the location of the pedicle foramen, considered a key characteristic by Topper et al. (2013), the foramen 
in the type and present material perforates the apical process in a similar manner. The size of valves is 
comparable in both the UK and Danish material, as shown in Table 45, with ventral valves on average 
smaller than dorsal valves, although there are differences in the valve outline with the Shropshire 
material being less circular than that described from Bornholm. These differences are not considered 
sufficient to warrant specific differentiation however, and hence the present material is assigned to C. 
socialis. 
 Ventral Dorsal 
 Shropshire Bornholm Shropshire Bornholm 
Mean length 1.4 1.56 2.0 2.34 
Mean width 1.8 1.60 2.3 2.49 
Mean L:W ratio 0.81 0.95 0.84 0.93 
 
Table 45 Comparison of valve size in C. socialis from Shropshire and Bornholm 
Matley (1902) compared material from the Tremadocian Bronsil Shales of the Malvern Hills, 
Herefordshire with von Seebach’s Swedish middle Cambrian material which Sutton et al. (2000, p.98) 
subsequently assigned to Semitreta sp.  
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Genus OLENTOTRETA Koneva et al. 1990 
Type species: Original designation by Koneva et al. (1990), Olentotreta olentensis, from the Upper 
Cambrian of Kazakhstan. Range: Upper Cambrian. 
Diagnosis: [After Holmer & Popov 2000] Shell transversely oval with straight posterior margin; ventral 
valve conical; ventral pseudointerarea catacline, flattened; foramen enclosed within larval shell; dorsal 
valve weakly convex, flattened peripherally; dorsal pseudointerarea anacline, wide with median groove; 
apical process low, occluding apex of valve, perforated by short pedicle tube; dorsal median ridge low 
with anterocentral muscle scars at posterior end; dorsal median buttress well defined.  
Occurrence: Previously known only from the Upper Cambrian of Kazakhstan. 
Olentotreta? sp. (Plate 14, figs. a-l) 
Occurrence in Southern Britain: Known only from the “Shoot Rough Road Flags” and “Billingsella 
Beds” of the Comley area from the uppermost Middle Cambrian (Cobbold’s Bb5 and Bc; Series 3, 
Guzhangian stage). 
Material, localities and horizons: 16 ventral valves and one conjoined valve from the uppermost middle 
Cambrian “Shoot Rough Road Flags” and “Billingsella Beds” of the Upper Comley Sandstone 
Formation (Cobbold’s Bb5 and Bc; Series 3, Guzhangian stage) of the Comley area, Shropshire. 
Diagnosis: High, conical ventral valves with low apical process occluding apex of valve and penetrated 
by pedicle foramen. Pseudointerarea well defined, triangular, flat and undivided. 
Description: 
Ventral valve transverse oval to subtriangular with maximum width towards anterior of valve; valve 
high convex to conical (Plate 14k). Ventral valves small with mean maximum valve length 0.9mm, 
mean maximum valve width 1.0mm, mean length:width ratio of 0.90. Valve measurements are given in 
Table 46. Ventral pseudointerarea well defined, triangular, flat and catacline (Plate 14b), undivided. 
Horizontal growth lines across pseudointerarea show no indication of being deflected.  
Apical process low, subcircular to subtriangular and occludes apex of valve. Pedicle foramen indicated 
by small circular tube (diameter on average 4.8% of valve width), penetrating apical process (Plate 
14e). Apical process variable in size and outline, representing on average 11.7% of valve width and 
extending on average 25.0% of valve length. Little else is known of the internal morphology of ventral 
valves. Narrow mantle canals, representing approximately 2% of valve width and extending nearly half 
of valve length are preserved in only two valves. Muscle scars have not been identified. 
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Measurement Length 
(mm) 
Width 
(mm) 
L:W 
ratio 
WAP% LAP% Wmc% Lmc% 
 
Pt% 
Number 15 15 15 12 8 3 2 12 
Mean 0.9 1.0 0.90 11.7% 25.0% 2.1% 50.8% 4.9% 
Median 0.8 1.0 0.90 11.4% 25.0% 2.0% 50.8% 5.0% 
St. Dev 0.3 0.2 0.14 4.2% 7.1% 1.8% 44.4% 1.3% 
Min 0.5 0.6 0.64 5.0% 16.2% 2.4% 57.1% 3.6% 
Max 1.5 1.5 1.17 18.3% 35.0% 0.3% 8.9% 8.3% 
 
Table 46 Ventral valve measurements of Olentotreta sp. 
One partial dorsal valve has been identified as a conjoined valve (Plate 14k); weakly convex. Only the 
exterior of the dorsal valve is partially preserved. The shell bears concentric growth rings (Plate 14f) 
and possesses columnar shell structure. 
Discussion: 
There are a number of acrotretid genera with an undivided pseudointerarea. Galinella has a procline to 
catacline pseudointerarea but is widely conical and has a ridge like apical process, Linnarssonella has a 
low pseudointerarea, Quadrisonia can be undivided or with a shallow intertrough but also has an 
elongate apical process, Semitreta has a weakly divided pseudointerarea and Treptotreta, whilst having 
a flattened pseudointerarea, is more broadly conical and has a ridgelike apical process which broadens 
anteriorly. The present material has many similarities with the family Torynelasmatidae, in particular 
the valve outline and the flat, undivided pseudointerarea. However the Torynelasmatidae are known 
only from the Ordovician to Silurian. 
Olentotreta is characterised by a conical ventral valve, flattened pseudointerarea and low apical process 
occluding the apex and perforated by a pedicle foramen. The genus has only been recorded from the 
Upper Cambrian of Kazakhstan. Owing to the limited preservation of morphological features and lack 
of dorsal valves associated with the material, it is not possible to assign this taxon with confidence; it is 
tentatively assigned to Olentotreta, and no species name is proposed. 
 
Genus KAYLEIGHA gen. nov. 
Type species: Designated herein as K. paisleyi from the “Shoot Rough Road Flags” (Cobbold’s Bb5; 
Series 3, Guzhangian stage) of the Comley area from the Middle Cambrian. 
Etymology: Named after my daughter Kayleigh. 
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Diagnosis: Ventral valve elongate, subtriangular, convex with clearly defined concentric growth rings 
and radiating striae noted on internal surface. Pedicle foramen sub-apical on posterior face of valve; 
pseudointerarea undivided. Apical process high, sub-triangular to sub-rounded.  
Kayleigha paisleyi sp. nov. (Plate 13, figs. o-r) 
 1911 ?Acrotreta aff. socialis von Seebach; Matley in Cobbold, p.303, pl. XXVI, fig 13 
 
Holotype: Designated herein as A104 (Sedgwick Museum) from the “Shoot Rough Road Flags” 
(Cobbold’s Bb5; Cambrian Series 3, Guzhangian stage) of the Comley area, Shropshire. 
Etymology: Species named after Bob Paisley, legendary manager of Liverpool Football Club who won, 
among many other trophies, the European Cup three times (representing the three sides of the triangle 
of the shape of this species!). 
Occurrence in Southern Britain: Known only from the Lapworthella Limestone (Cobbold’s Ad 
horizon; Series 2, Stage 4) and the “Shoot Rough Road Flags” and “Billingsella Beds” of the uppermost 
middle Cambrian (Cobbold’s Bb5; Series 3, Guzhangian stage) of the Comley area, Shropshire. 
Material, localities and horizons: Five ventral valves from the Lapworthella Limestone (Cobbold’s Ad 
horizon; Series 2, Stage 4) of the Comley area, Shropshire, four ventral valves from the “Shoot Rough 
Road Flags” (Cobbold’s Bb5; Series 3, Guzhangian stage) of the Comley area, Shropshire and eight 
ventral valves from the “Billingsella Beds” (Cobbold’s Bb5; Series 3, Guzhangian stage) of the Comley 
area, Shropshire. 
Diagnosis: as for genus. 
Description: 
Ventral valves elongate, subtriangular with maximum width towards the anterior margin of the valve 
and short, convex posterior margin. Mean maximum ventral valve length 2.0mm, mean maximum valve 
width 1.9mm, mean length:width ratio of 1.10. Ventral valve moderately convex. Surface ornament of 
well defined concentric growth rings along with radiating striae on some interior surfaces (Plate 13p-q). 
Ventral pseudointerarea weakly procline to catacline (80-90o to commissural plan), well defined, 
subtriangular and undivided. 
Apical process high, variable, sub-triangular to sub-rounded, partly enclosing small circular pedicle 
foramen at its posterior end (Plate 13r). Apical process represents approximately 10% of valve width 
and extends on average 23% of valve length. Pedicle foramen small, representing on average 3.6% of 
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valve width, circular; located sub-apically on posterior face of valve (Plate 13q). Mantle canals 
baculate, narrow, representing 3.4% of valve width and extending approximately half of valve length. 
Measurement Length 
(mm) 
Width 
(mm) 
L:W 
ratio 
WAP% LAP% Pt% 
Number 17 17 17 5 4 5 
Mean 2.0 1.9 1.10 10.4% 23.4% 3.6% 
Median 2.1 1.9 1.11 12.5% 24.6% 3.8% 
St. Dev 0.37 0.34 0.07 3.54% 6.12% 0.91% 
Min 1.3 1.2 1.00 6.1% 15.8% 2.4% 
Max 2.6 2.3 1.20 13.9% 28.6% 4.5% 
 
Table 47 Ventral valve measurements of Kayleigha paisleyi 
Discussion:  
One of the specimens recorded here as K. paisleyi was figured by Matley (in Cobbold 1911; p.303, pl. 
XXVI, fig. 13) as ?Acrotreta aff. socialis von Seebach.  
The presence of the pedicle foramen and apical process indicate that this taxon is an acrotretid 
brachiopod, albeit unusual in having an elongate valve outline. The only other known acrotretid with an 
elongate ventral valve outline is Linnarssonella, the characteristics of which include moderate 
convexity, pedicle foramen enclosed by the larval shell and a triangular apical process perforated by a 
pedicle tube (Holmer & Popov 2000). The nature of the apical process in the present material is 
different to that of Linnarssonella and the pedicle foramen is not enclosed by the larval shell. 
Despite the relatively poor preservation, the small number of valves and lack of dorsal valves, there is 
sufficient difference between the present material and the closely similar Linnarssonella to erect a new 
genus. 
Genus ODONTOTRETA Ushatinskaya 1998  
Type species: O. mirabilis Popov, Holmer & Gorjansky 1996 from the Chingiz Formation, Middle 
Cambrian (Mayaian; Series 3) of the Chingiz Range, Central Kazakhstan. 
Diagnosis: [After Holmer and Popov 2000] Shell ventribiconvex; ventral valve strongly convex to 
subconical; pseudointerarea apsacline, divided by intertrough, terminating with pair of toothlike 
projections; pedicle foramen within larval shell; dorsal valve convex; pseudointerarea subtriangular, 
orthocline, mainly occupied by median groove, which is divided medially by strong ridge; ventral 
interior with elongate subtriangular apical process anterior to the internal foramen; ventral mantle 
canals baculate; dorsal cardinal muscles large, fields extending anteriorly to mid-length; median ridge 
low. 
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Odontotreta? sp. (Plate 15, o-r) 
Occurrence in Southern Britain: Known only from the Church Stretton area, Shropshire. 
Material, localities and horizons: One ventral and one dorsal valve from undifferentiated Cambrian 
sediments from the Church Stretton No. 7 borehole, Church Stretton, Shropshire (BGS: DEW 7137 and 
DEW 7138). The host sediment is a glauconitic sandstone and most probably forms part of the Upper 
Comley Sandstone (Series 2, Stage 4 to Series 3, Stage 5).  
Description: 
Small, ventri-biconvex. Ventral valve subcircular with short straight posterior margin; maximum length 
0.9mm, maximum width 0.95, L:W ratio 0.95; high, subconical. Dorsal valve subcircular with short, 
slightly convex posterior margin; maximum length 0.7mm, maximum width 0.8mm, L;W ratio 0.88; 
low convex. 
Ventral pseudointerarea apsacline divided by broad, shallow intertrough; propareas well defined, high, 
triangular. Pedicle foramen small, circular, enclosed within larval shell and located slightly posterior to 
the apex of the valve at the top of the intertrough; foramen represents 7.4% of maximum valve width. 
External ornament of well defined, closely spaced, regularly concentric growth ridges. (Plate 15o) 
Ventral larval shell small, circular with diameter of 0.15mm, representing approximately 15% of 
maximum valve width. No evidence of larval shell ornament.  
Dorsal valve with short, low, broad ridge-like median septum; baculate, narrowing anteriorly and 
extending approximately one third of valve length. (Plate 15r). Ornament of deeply impressed, sub-
polygonal pits clearly preserved on and around the median septum represent epithelial cells as described 
from other acrotretid taxa by Winrow & Sutton (2012) and in Chapter 7 of this thesis. 
Discussion: 
The combination of an enclosed pedicle foramen, apsacline ventral pseudointerarea with intertrough 
and profile of the ventral valve are indicative of Odontotreta, although the toothlike projections on the 
pseudointerarea are not identified in the present material; the low ridge-like median septum of the 
dorsal valve is also present in the type species of Odontotreta. As only two valves have been identified 
in the present study from undifferentiated Cambrian strata, with limited internal morphological features 
preserved, this taxon is left under open nomenclature. 
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Genus EURYTRETA Rowell 1966 
Type species: Acrotreta curvata Walcott, 1902, from the Pogonip Limestone Fm (Tremadoc), of 
Nevada, U.S.A. Range: Upper Cambrian to Caradoc. 
Diagnosis: [After Sutton et al. 2000] Shell with short, slightly convex posterior margin. Ventral valve 
strongly convex to subconical; pseudointerarea apsacline to catacline, poorly defined laterally, and 
divided by poorly defined intertrough or interridge. Pedicle foramen apical, within larval shell, and 
usually forming short tube. Ventral interior with subtriangular apical process, placed anterior to pedicle 
foramen, and bearing semicircular depression. Dorsal valve slightly convex to deeply convex, sulcate; 
pseudointerarea short, divided by wide median depression. Dorsal interior with triangular median 
septum; dorsal cardinal muscle fields small, rounded, placed relatively close together, and not extending 
far anteriorly; median buttress wide; dorsal central muscle scars usually well defined, small, rounded. 
Discussion: Eurytreta is known to be a taxonomically difficult genus with species displaying highly 
variable morphology and significant overlap between species (Popov & Holmer 1994, p.95; Sutton et 
al. 2000, p. 89), a situation exaggerated by attempts to compare material etched from limestones and 
matrix-hosted specimens.  
Eurytreta sabrinae (Callaway, 1877) (Plate 15, figs. a-h)  
1874  Metoptoma sabrinae Callaway, p. 196. [nomen nudum] 
1877 Obolella sabrinae Callaway, p. 669, pl. 24, fig. 12. 
1883 Obolella sabrinae Callaway; Davidson, p. 211, pl. 16, figs. 27-28. 
1902  Acrotreta? sabrinae (Callaway); Matley, p. 143. 
1902 Linnarssonia belti (Davidson); Matley, p. 145, figs. 17, 18. [non Davidson, 1868] 
1902  Lingula (?) sp.; Matley, p. 142, fig. 9. 
1902  Lingulella (?) sp.; Matley, p. 141, figs. 7, 8. 
1912 Acrotreta sabrinae (Callaway); Walcott, p. 702, pl. 73, figs. 5, 5a-d. [Lectotype 
             selected] 
1973 'Acrotreta' sabrinae (Callaway); Bulman & Rushton, p. 21, pl. 5, figs. 5-7, 9-12, non 8 
             [=E. belti] 
1978  Eurytreta? sabrinae (Callaway); Cocks, p. 23. [Grid reference for lectotype probably 
             incorrect] 
1981 Eurytreta sabrinae (Callaway); Allen et al., pl. 17, fig. 10. 
1982 Eurytreta bisecta (Matthew); Rushton & Bassett in Owens et al., p. 24, pl. 7, h, j-r, pl.  
             8, i, l-o. 
1982 Eurytreta sabrinae (Callaway); Rushton & Bassett in Owens et al., p. 26, pl. 8 pars., a,  
             f, h, j, k. non b-e, g [=E. belti]. 
1992 Eurytreta sabrinae (Callaway); Cope & Rushton, p. 547. 
1994 Eurytreta sabrinae (Callaway); Popov & Holmer, p. 102, fig. 86 pars, n, o, non p [=E. 
             belti]. 
1994 Eurytreta bisecta (Matthew); Popov & Holmer, fig. 86 pars, k, m. 
2000   Eurytreta sabrinae (Callaway); Sutton et al., p. 92, pl. 17, figs. 14-18, pl. 18, figs. 1-14 
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Lectotype: Selected by Walcott (1912, pl. 73, fig. 5b); BU 1921 (also figured by Rushton & Bassett in 
Owens et al. 1982, pl. 8a); poorly preserved internal mould of dorsal valve, original of Callaway 
(1877); Uncertain locality in the Shineton Shale Formation, Tremadoc of the Wrekin district, 
Shropshire, England. 
Material, localities and horizons: Six dorsal valves from the White Leaved Oak Shale Formation 
(Furongian series, Stage uncertain) from Chase End Hill, Malvern. 
Occurrence in Britain: In addition to the material described here from the late Cambrian, E. sabrinae is 
known also from the “majority of fossiliferous Tremadoc localities in England and Wales” (Sutton et al. 
2000, p. 92), with those authors describing collections from Carmarthenshire, Warwickshire, the 
Harlech Dome and the Shropshire area. 
Diagnosis: [After Sutton et al. 2000]: Depth-length ratio of ventral valve approximately 0.5; dorsal 
valve with well developed median septum, extending to 83% of valve length; dorsal cardinal muscle 
scars sometimes strongly thickened, large for genus, anteromedian and anterolateral margins 
converging at well defined apex positioned 28% of valve length from posterior; ventral valve with 
strongly developed deltoid arch and undivided vascula lateralia; apical process broad, usually not 
strongly developed; dorsal pseudointerarea well developed, with well defined median depression; dorsal 
anteromedian muscles and vascular system poorly impressed. 
Description: 
Dorsal valves low convex, transverse oval with wide posterior margin and maximum width around mid-
valve; mean maximum length 1.8mm, mean maximum width 2.0mm, mean length:width ratio 0.87. 
Median septum narrow, ridge-like, extending on average 71.3% of valve length. Cardinal muscle scars 
deeply impressed (Plate 15b, 15e), small, each scar representing on average 9.1% of valve width and 
muscle field representing around one third of valve width (on average 32.7%) and extending on average 
19.8% of valve length. Dorsal pseudointerarea low, divided by narrow, median depression (Plate 15b). 
Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
Wcm% Cm% LCm% Wsep% LSep% 
Number 5 5 5 3 3 3 3 3 
Mean 1.8 2.0 0.87 32.7% 9.1% 19.8% 5.2% 71.3% 
Median 1.6 1.9 0.87 36.8% 10.5% 21.9% 5.3% 70% 
St. Dev 0.22 0.27 0.04 13.4% 2.8% 6.5% 0.8% 3.3% 
Min 1.6 1.7 0.84 17.6% 5.9% 12.5% 4.3% 68.8% 
Max 2.0 2.3 0.94 43.5% 10.9% 25.0% 5.9% 75% 
 
Table 48 Dorsal valve measurements of Eurytreta sabrinae 
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Discussion: 
Sutton et al. (2000) described E. sabrinae from the Tremadoc of the Anglo-Welsh basin concluding that 
E sabrinae is a highly variable species and included all Anglo-Welsh Tremadoc Eurytreta specimens 
(other than those assigned to E. belti) within a broadly conceived E. sabrinae. Those authors also 
considered E. sabrinae to be similar to E. curvata, the type species, differing in having larger valves 
and in the nature of muscle scars. 
The limited material described here is closely comparable to dorsal valves described by Sutton et al. 
(2000) in having a long median septum, albeit in the present material extending on average 71% of 
valve length compared to 83%, strongly thickened cardinal muscle scars and well defined 
pseudointerarea with median depression. Given the variability in E. sabrinae the variance in length of 
the median septum is not considered sufficient for the erection of a new species and consequently the 
present material is assigned to E. sabrinae. 
The present material differs from dorsal valves of E. malvernensis, described from the late Cambrian of 
the Malvern Hills area below in its larger size and longer median septum. 
Eurytreta malvernensis (Matley, 1902) (Plate 15, figs. i-n) 
1902 Acrotreta? sabrinae var. malvernensis Matley, p. 143, figs. 11-14 
1978 Eurytreta? sabrinae malvernensis (Matley); Cocks, p. 23 
2008 Eurytreta? sabrinae malvernensis (Matley); Cocks, p. 29 
Type specimens: OUM A00067 and A00068 (ventral valves) and OUM A00071 (dorsal valve) from the 
“lowest Black Shales) of the White-Leaved-Oak Shale Formation (Furongian Series, Stage Unknown) 
of the Malvern Hills, Herefordshire.  
Material, localities and horizons: 14 dorsal and 9 ventral valves from the basal black shales of the 
White Leaved Oak Shale Formation (Furongian series, Stage uncertain) from Chase End Hill, Malvern.  
Occurrence elsewhere: Known only from the White Leaved Oak Shales (Furongian series, Stage 
uncertain) from Chase End Hill, Malvern. 
Diagnosis: Shell small (length of both valves below 2mm), transverse oval with wide straight posterior 
margin; ventribiconvex. Dorsal median septum narrow, ridge-like, extending around half of valve 
length. Dorsal cardinal muscles scars deeply impressed, muscle field wide representing almost half of 
valve width. Ventral apical process narrow, ridge-like, extending around one third of valve length 
located anterior to internal pedicle tube. Ventral pseudointerarea steeply procline to catacline, divided 
by shallow intertrough. External ornament of fine, regular growth rings. 
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Description: 
Ventral valves high convex, transverse oval with wide straight posterior margin and maximum width 
around mid-valve; ventral valve small, mean maximum length 1.5mm, mean maximum width 1.7mm, 
mean length:width ratio 0.85. Internal pedicle tube located posterior to narrow, ridge-like apical process 
which extends around one third of valve length and represents around 10% of valve width (plate 15j. 
Ventral vascula lateralia baculate, short, extending around 40% of valve length. 
Measurement L 
(mm) 
W 
(mm) 
L:W 
ratio 
WAP% LAP% 
Number 8 9 8 2 2 
Mean 1.5 1.7 0.85 10.2% 32.05% 
Median 1.5 1.7 0.87 n/a n/a 
St. Dev 0.16 0.17 0.05 3.26% 1.81% 
Min 1.3 1.5 0.79 7.89% 30.77% 
Max 1.8 2.0 0.90 12.50% 33.33% 
 
Table 49 Ventral valve measurements of Eurytreta malvernensis 
Dorsal valves low convex, transverse oval with wide straight to slightly convex posterior margin and 
maximum width around mid-valve; dorsal valve small, mean maximum length 1.4mm, mean maximum 
width 1.6mm, mean length:width ratio 0.87. Posterior portion of interior of valve represented by deep 
circular depression, representing the visceral cavity, extending around 40% of valve length. 
Median septum high, narrow ridge-like and extending on average 52% of valve length (Plate 15l, 15n), 
representing only on average 4% of valve width. Short, median buttress developed in only one 
specimen. Dorsal pseudointerarea small, divided by median trough, but preservation of material is 
typically poor. Cardinal muscle scars large, deeply impressed postero-lateral to median septum (Plate 
15l); individual muscle scars representing an average 11% of valve width, muscle field on average 45% 
of valve width and extending on average 20% of valve length. 
Measurement Length 
(mm) 
Width 
(mm) 
L:W 
ratio 
Wcm% Cm% LCm% Wsep% LSep% 
Number 14 14 14 6 6 6 4 8 
Mean 1.4 1.6 0.87 45% 11% 20% 4% 52% 
Median 1.4 1.7 0.87 45% 10% 19% 4% 49% 
St. Dev 0.36 0.39 0.03 11% 3% 5% 1% 11% 
Min 1.0 1.1 0.82 32% 8% 15% 3% 36% 
Max 1.9 2.2 0.91 57% 15% 27% 5% 68% 
 
Table 50 Dorsal valve measurements of Eurytreta malvernensis 
External ornament of fine, regular concentric growth rings on both valves. 
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Discussion: 
Matley (1902) described a sub-species of E. sabrinae from the lowermost White Leaved Oak shales, the 
“lowest Black Shales”, based on material collected by Groom. Matley did not identify a type specimen 
and the figured specimens have not been traced in Groom’s collections (Cocks, 2008). The material 
described here accords to the description provided by Matley (1902) in that the material is small, 
transverse oval with a wide straight posterior margin, has a short median septum (although Matley 
described the septum as extending around one third of valve length whilst this review shows the median 
septum to extend to around half valve length on average), a high convex ventral valve with apical 
process and pedicle tube and ventral pseudointerarea divided by a shallow groove. The “two short 
processes” identified on the median septum of one specimen by Matley (1902, p. 143) have not been 
identified in the present review. 
Ventral valves of E. malvernensis are similar to E. sabrinae in having a ridge like apical process and 
pedicle tube but differ in lacking the muscle scars and the typical x-shaped groove pattern described by 
Sutton et al. (2000). Dorsal valves differ from E. sabrinae in the length of the median septum, 
extending only around half of valve length in the present material compared to over 80% in E. sabrinae. 
Further, both valves in the present material are smaller than E. sabrinae which, in material from the 
Tremadoc of the Anglo-Welsh basin, has mean dorsal valve lengths of over 2mm (Sutton et al. 2000).  
The ventral interior of E. belti is poorly known but the present material is similar to that described by 
Sutton et al. (2000) from the Tremadoc of the Anglo-Welsh basin. The present material lacks the well 
developed cardinal muscle scars of E. belti and Sutton et al. (2000) did not identify the pedicle tube in 
E. belti. The key difference between the present material and E. belti is the size of both valves; Sutton et 
al. (2000) describe the length of dorsal valves of E. belti as being on average 0.98mm and 1.19 from 
two collections, which is considerably smaller than the mean dorsal valve length of 1.4mm in the 
present material. Whilst dorsal valves of the present material are also similar to E. belti in many 
respects, including the nature of the pseudointerarea and the size of the cardinal muscles, the median 
septum in the present material extends only around half of valve length compared with a mean of 69% 
in E. belti and the present material lacks the well defined median buttress of E. belti. 
Whilst Sutton et al. (2000) placed all Anglo-Welsh Tremadoc Eurytreta material (other than E. belti) in 
a broadly conceived E. sabrinae, the differences between the present material and the two taxa from the 
Tremadoc of the Anglo-Welsh basin are considered sufficient to justify erection of a separate species 
for the material described here from the late Cambrian.  
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Genus NEOTRETA Sobolev 1976 
Type species: Neotreta tumida Sobolev (1976) from the Upper Cambrian of Dzhagdy Range, Uda River 
basin, eastern Siberia.  
Diagnosis: [After Popov et al. 1994] Shell strongly biconvex with wide and straight posterior margin; 
pseudointerareas of both valves weakly developed and undivided, or absent. Ventral valve with 
submarginal, slightly recurved beak; pedicle foramen placed within larval shell; ventral interior with 
apical process, extending anteriorly as low thickening along valve floor; dorsal valve strongly to 
moderately convex, sometimes with low median ridge, not extending to mid-length; cardinal muscle 
fields small. Larval shell with pits of two sizes. 
Discussion: The genus Neotreta was reviewed and updated by Popov et al. (1994) based on new 
material of the type species from Siberia and newly identified material of N. orbiculata from the middle 
Cambrian of the British Isles. Unfortunately, with the exception of two specimens not illustrated by 
Popov et al. (1994), the British material has not been available for study and the description and 
discussion which follows is based on that provided by Popov et al. (1994), whose descriptions are here 
supported (on the basis of their figs. 3J-Q), except as noted below.  
The only other acrotretid genus comparable to Neotreta is Stilpnotreta, which also has a strongly 
biconvex shell, poorly impressed internal features and low rudimentary pseudointerareas. Neotreta 
differs in its wider, straighter posterior margin and undivided pseudointerareas (Popov et al., 1994). 
Neotreta orbiculata Koneva 1990  
1990 Neotreta orbiculata; Koneva, p. 53, pl. 6 figs. 12-17 
1994 Neotreta orbiculata; Popov et al., p.350, figs. 3J-Q 
Holotype: Ventral valve (No. 427/155; in the Geological Museum of the Institute of Geological 
Sciences, Alma Ata) from the Middle Cambrian, Goniagnostus nathorsti biozone (Cambrian Series 3, 
Guzhangian stage) of Kyrshabakty River section, Malyi Karatau Range, Kazakhstan.  
Material, localities and horizons: As reported by Popov et al. (1994) there are a total of 15 ventral and 
six dorsal valves from the late Middle Cambrian “Billingsella Beds” (Cobbold’s Bc horizon; Cambrian 
Series 3, Guzhangian stage) from the Church Stretton No. 7 borehole, Shropshire. In this study only two 
ventral valves from the Church Stretton No. 7 borehole have been available for examination. 
Occurrence in Southern Britain: Known only from the “Billingsella Beds” (Cambrian Series 3, 
Guzhangian stage) of Shropshire. 
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Occurrence elsewhere: Known only from the Middle Cambrian, Goniagnostus nathorsti biozone 
(Cambrian Series 3, Guzhangian stage) of Kyrshabakty River section, Malyi Karatau Range, 
Kazakhstan. 
Diagnosis: [After Popov et al. 1994] Shell subequally biconvex to slightly dorsi-biconvex; subcircular 
to transversely oval in outline; pseudointerareas lacking in both valves; internal characters of dorsal 
valve weakly impressed; median ridge absent. 
Description: (Taken from Popov et al. 1994; p. 351; emendments in italics based on illustrations 
therein) 
Shell transversely oval in outline, with straight posterior margin, occupying about 67% of maximum 
shell width. Ventral valve on average 78% as long as wide; strongly biconvex in lateral profile, on 
average 30% as high as wide, with maximum height on posterior third of valve length; umbo strongly 
recurved posteriorly; small apical foramen placed within larval shell. Ventral interior almost lacking 
characters, but with apical process forming poorly defined thickening anterior to pedicle foramen. 
Dorsal valve on average 73% as long as wide; biconvex in lateral profile, on average 31% as high as 
wide, with the maximum height somewhat posterior to mid-length; umbo strongly recurved posteriorly. 
Dorsal interior with pair of subcircular cardinal muscle fields, slightly raised above valve floor, and 
extending anteriorly slightly more than one-quarter of valve length. Larval shell about 0.2mm across, 
with four distinct distal nodes, most notable in dorsal valve; larval shell of both valves pitted, with 
smaller pits at margins of larval shell. Postlarval shell smooth, with fine, regular, closely spaced fila. 
Measurement 
(Ventral) 
L 
(mm) 
W 
(mm) 
L:W 
ratio 
Height 
(H) 
H:W 
ratio 
Width 
posterior 
margin 
Width 
posterior 
margin % 
Number 4 2 2 4 2 3 2 
Mean 0.54 0.68 78% 0.19 26% 0.44 69% 
Min 0.42 0.65 76% 0.12 22% 0.40 65% 
Max 0.64 0.80 80% 0.24 40% 0.52 735 
 
Table 51 Ventral valve measurements of Neotreta orbiculata (from Popov et al. 1994, table 2) 
Measurement 
(Dorsal) 
L 
(mm) 
W 
(mm) 
L:W 
ratio 
Height 
(mm) 
H:W 
ratio 
Width 
posterior 
margin 
(mm) 
Width 
posterior 
margin % 
Number 4 2 2 4 2 4 2 
Mean 0.51 0.67 78% 0.19 31% 0.42 64% 
Min 0.44 0.62 76% 0.16 29% 0.40 64% 
Max 0.60 0.72 80% 0.24 33% 0.46 65% 
 
Table 52 Dorsal valve measurements of Neotreta orbiculata (from Popov et al. 1994, table 2) 
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Discussion: 
As noted by Popov et al. (1994) the British material is closely comparable to the type material from the 
Kazakhstan in the general shape of the shell and in the reduction of the pseudointerareas in both valves. 
It differs from N. tumida in the complete absence of both pseudointerareas and of a dorsal median ridge, 
and from N. pusilla in having a subequally biconvex shell and in lacking a dorsal pseudointerarea. 
Genus UNDETERMINED 
Genus et sp. indet. A 
Material, localities and horizons: One incomplete valve from the collections of the Sedgwick Museum 
from the “Shoot Rough Road Flags” of the Comley area, Shropshire (Cobbold’s Bb5; Cambrian Series 
3, Guzhangian stage).  
Description: Large subcircular valve with maximum length 3.4mm, maximum width 3.6mm and 
length:width ratio of 0.96. Surface ornament of clear concentric growth rings with well developed 
internal radiating fine striae. No further morphology discernible. 
Discussion: This valve is associated with a number of valves of C. socialis but is significantly larger 
than other specimens. It cannot be assigned to any other species detailed in this study, the lack of data 
precluding any formal taxonomic treatment. 
Genus et sp. indet B (Plate 12, fig. q) 
Material, localities and horizons: One dorsal valve from the A. laevigata shale of the Upper Comley 
Sandstone series (Series 3, Guzhangian Stage) from the Eaton Constantine 3 borehole, Shropshire.  
 Description:  
One dorsal valve, small, circular, 0.96mm in diameter; gently convex, low with maximum height at 
apex. Pseudointerarea sub-triangular and divided by median groove. Median septum extending 68% of 
valve length. Small, circular cardinal muscle fields posterolateral of the posterior end of the median 
septum. Total width of cardinal muscle field representing approximately 48% of valve width; individual 
muscle scars small, representing only 7% of valve width (Plate 12q). 
Discussion: 
Three specimens are recorded in the collections of the BGS as Acrotreta sagittalis from the A. 
laevigatus shale. However, two of these specimens (BGS He 3201 and He3203) may not be 
brachiopods at all. The remaining specimen is the part and counterpart of a single dorsal valve. While 
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this cannot easily be assigned to any other species detailed in this study, the lack of data precludes any 
formal taxonomic treatment. 
Class PATERINATA Rowell 1965 
Order PATERINIDA Schuchert 1893 
Superfamily PATERINOIDEA Schuchert 1893 
Family PATERINIDAE Schuchert 1893 
 
Discussion 
The paterinids were some of the earliest brachiopods. Micromitra and Paterina appeared more or less 
simultaneously in the early Cambrian (Terreneuvian Series, Stage 2) and were widespread in the second 
half of the early Cambrian (Ushatinskaya, 2008). 
It is difficult to distinguish between genera within the family Paterinidae, in particular between 
Micromitra and Paterina, to which the taxa have been assigned interchangeably by a number of 
authors; for example Micromitra rhodesi has been assigned to Micromitra (Paterina) by Cobbold 
(1921), to Paterina (Cocks, 1978) and to Micromitra (Cocks, 2008). Bell (1941; p. 204-5) set out his 
"concept" of Micromitra discussing the three closely related genera Micromitra, Paterina and Iphidella 
which he considered to be essentially one genus; he went on to describe M. sculptilis as the only 
material identified in his study in Montana and also to describe the species under Iphidella as 
"Micromitra-like".  
The key differences between Micromitra and Paterina include an open, triangular delthyrium in 
Paterina (Skovsted & Holmer, 2005) and the development of a homeodeltidium in Micromitra and 
differences in shell ornament with concentric fila in Paterina and radial costellae in Micromitra (Kruse, 
1990); further the fila in Paterina are broken into nick points (Williams et al., 1998) whilst Micromitra, 
Dictyonina and Dictyonites have close packed depressions.  
Williams et al. (1998) focus on shell shape, external shell ornamentation, posterior margins and internal 
imprints of mantle canals and muscles in delineating genera within the family Paterinidae. This 
approach is followed herein, notwithstanding the general lack of internal features preserved in British 
material. The key distinguishing features of Paterinid genera identified in Britain are set out in Table 
53. 
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Feature Paterina Micromitra Aldanotreta Askepasma 
Shell 
shape 
Transverse oval to 
subquadrate; 
maximum valve 
width posterior to 
mid valve 
Transverse oval to 
subcircular; 
maximum valve 
width posterior to 
mid valve 
Transverse oval Sub-quadrate with 
maximum valve 
width anterior of or at 
mid-valve; relatively 
straight anterior 
margin 
Sulcus None None Broad Weak sulcus may be 
present 
Ornament 
 
Fine concentric 
fila, commonly 
broken into drapes 
by radial nick 
points 
Close packed 
depressions originate 
as off-setting 
concave arcs of 
asymmetric fila 
Concentric 
lamellae and fine 
radial lirae 
Irregular concentric 
lamellae 
Posterior 
margin  
 
Open triangular 
delthyrium, 
homeodeltidium 
unknown 
 
Homeodeltidium, 
semi-conical, over 
1mm diameter 
 
High, open 
delthyrium 
Open delthyrium, 
lacking 
homeodeltidium 
Mantle 
canals 
Saccate Saccate Pinnate Pinnate 
 
Table 53 Summary of key features of paterinid genera identified in the British Cambrian 
(compiled from Williams et. al., 1998; Laurie, 2000; Skovsted & Holmer, 2005; Kruse, 1990) 
The genus Walcottina and the only two recorded species were erected by Cobbold (1921), who 
considered the genus to be intermediate between Mickwitzia and Kutorgina; much material originally 
assigned to Kutorgina is now assigned to Paterina or Micromitra and, indeed, Laurie (2000, p.153) 
tentatively suggested that Walcottina may be a junior synonym of Micromitra; herein Walcottina is 
considered a nomen oblitum and all material previously recorded is assigned to other genera. Cobbold 
(1921) identified two dorsal valves of W. elevata (SM A302, imaged by Cobbold as plate 21, fig 21) 
which are reassigned to P. labradorica herein; a further specimen (SM A303) figured by Cobbold 
(1921; pl. 21 figs. 20 and 22) is not considered to be a brachiopod and is more similar in morphology to 
helcionellid molluscs, although it is larger than most similar molluscs (7mm long, 6mm wide and 
4.5mm high). W. lapworthi (Cobbold, 1921, pl. 21 fig. 23-25) is reassigned to Askepasma herein.  
 
Genus MICROMITRA Meek 1873 
Type species: Iphidea sculptiilis Meek 1873, from the middle Cambrian of Montana, U.S.A. Lower to 
Middle Cambrian. 
Diagnosis: [After Laurie 2000] Transversely ovate to subcircular, ventribiconvex; hinge line nearly 
straight; ventral pseudointerarea variably defined, high, apsacline, catacline or procline; 
homeodeltidium small to large; dorsal pseudointerarea usually well defined, low, anacline to catacline; 
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homeochilidium small, apical; ornament of sharply defined, evenly spaced concentric fila, with or 
without fine radial costellae, which in some species break up the concentric fila into short segments that 
are usually convex adapically. 
Micromitra pusilla (Linnarsson, 1876) (Plate 16, figs. a-b) 
1876  Kutorgina cingulata var. pusilla Linnarsson, p. 25, pl. 4, figs. 53, 54  
1902  Kutorgina cingulata var. pusilla Linnarsson; Matley, p. 146, figs. 19, 20 
1912  Micromitra pusilla (Linnarsson); Walcott, p. 339, pl. 3, figs. 2, 2a-c 
1978  Micromitra pusilla (Linnarsson); Cocks, p. 33 
2008  Micromitra pusilla (Linnarsson); Cocks, p. 35 
Holotype: Linnarsson (1876) originally described the species from Sweden but no holotype has been 
identified. As material from the type locality has not been reviewed in this study, no lectotype is 
designated. 
Material, localities and horizons: Five ventral valves, one dorsal valve and two fragments from the 
White-Leaved-Oak Shale Formation (Series 3, Guzhangian stage to Furongian Series, Paibian stage) of 
the Malvern Hills, Herefordshire. 
Occurrence in Britain: M. pusilla is known only from the lowest part of the White Leaved Oak Shales 
of the Malvern Area (Series 3, Guzhangian stage to Furongian Series, Paibian stage) and is slightly 
younger than the P. forchhammeri zone (Matley, 1902).  
Occurrence elsewhere: Linnarsson (1876) originally described the species as a rare component of the 
fauna from the P. forchhammeri and A. Laevigatus biozones (late Middle Cambrian) of Sweden and 
Walcott (1912) discussed further material from Sweden and Denmark. 
Diagnosis: Valves relatively small, semi-circular to transverse oval, maximum width at mid-valve. Low 
convex with flattened, flange-like postero-lateral margins. Rounded postero-lateral angles at greater 
than 90 degrees. Ventral umbo rounded, recurved and extending beyond posterior margin. Ornament of 
irregular concentric growth lines. 
Description: 
Small semi-circular to transversely-oval valves with maximum width at around mid valve; valve 
measurements are shown in Table 54 for the small number of valves which could be measured. Ventral 
valves low convex with flattened, flange like postero-lateral margins, maximum height around 0.2mm 
equivalent to approximately 17% of valve width (Plate 16a). Dorsal valve very low convex to flattened 
(Plate 16b). 
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 Ventral Dorsal 
Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio Length 
(mm) 
Width 
(mm) 
L:W ratio 
Number 2 2 2 1 1 1 
Mean 1.0 1.3 0.77 1.7 2.1 0.79 
St. Dev 0.14 0.14 0.02 - - - 
Min 0.9 1.2 0.75 - - - 
Max 1.1 1.4 0.79 - - - 
 
Table 54 Valve measurements of M. pusilla 
Posterior margin of both valves short, straight with rounded postero-lateral angles exceeding 90 
degrees. Ventral umbo rounded, recurved, overhanging posterior margin. Dorsal umbo rounded, low, 
not extending beyond posterior margin. 
Ornament typically consists of coarse, irregular, concentric growth rings. 
Discussion: 
Linnarsson originally described M. pusilla as a rare component of Swedish late middle Cambrian fauna; 
the material described here falls within the same stratigraphic range and represent the youngest British 
paterinids known. British specimens are smaller than those recorded by Linnarsson (1876), but in other 
respects accord with his descriptions. 
Paterina labradorica and Paterina minor also have a recurved umbo, but are typically larger, P. minor 
has less rounded postero-lateral angles and P. labradorica can be distinguished from M. pusilla by its 
high, sub-conical ventral valve convexity particularly at the umbo.  
This material is poorly characterized, but can be assigned to Micromitra on the basis of the valve 
outline and nature of the shell ornament, with irregular concentric growth fila lacking the nick points 
more typical of Paterina. 
Micromitra cf. pusilla (Linnarsson, 1876) (Plate 16, fig. c) 
Material, localities and horizons: A single ventral valve (part and counterpart BGS D2650 and D2651) 
from the Bentleyford Shales of Shropshire (Furongian Series, Stage 9-10). 
Description: 
Poorly preserved, incomplete valve; apparently semi-circular to transverse oval with maximum width at 
around mid valve. Valve length approximately 2.8mm, width approximately 3.5mm, length:width ratio 
0.80.  
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Posterior margin short and apparently straight, postero-lateral angles unclear.  
Ornament of typically coarse, irregular, concentric growth rings with fine radial ribs emanating from 
the umbo and extending to the anterior margin on the interior of the valve (Plate 16c). 
Discussion: 
This ventral valve is similar in outline to British M. pusilla specimens, and is contemporaneous. It is 
however larger (closer to the 3mm length given by Linnarsson, 1876, for Swedish material) and poorly 
preserved; it is hence only loosely referred to the species.  
 
Genus PATERINA Beecher, 1891 
Type species: Obolus labradoricus Billings, 1861, see below. Lower to Middle Cambrian. 
Diagnosis: [After Laurie, 2000] Transversely ovate to sub-quadrate, ventribiconvex; hinge line nearly 
straight, ventral pseudointerarea variably defined, high, apsacline or catacline; homeodeltidium 
unknown; dorsal pseudointerarea low, ?catacline, homeochilidium unknown; ornament of irregular, 
fine, concentric fila, commonly broken by nick points into sets of drapes. 
Paterina labradorica (Billings, 1861) (Plate 16, figs. d-f) 
1861  Obolus labradoricus Billings, p. 6, fig. 6 
1912  Micromitra (Paterina) labradorica (Billings); Walcott, p. 347, pl. 2, figs. 2, 2a-f 
1921  Micromitra (Paterina) labradorica (Billings); Cobbold, p. 332, pl. 21, figs. 10-13 
1921  Walcottina elevata; Cobbold, p. 337, pl. 21, fig. 21 
1978  Paterina labradorica (Billings); Cocks, p. 33 
1987  Micromitra (Paterina) labradorica (Billings); Hinz, p.53, pl. 12, figs. 12-13 
2008  Paterina? labradorica (Billings); Cocks, p.35 
Holotype: No holotype has been designated. Type material from the Cambrian of Labrador, Canada 
(Geological Survey of Canada) has not been examined. Lectotype not designated by Cocks (1978, 
2008) or Hinz (2008). As material from the type locality has not been reviewed in this study, no 
lectotype is designated. 
Material, localities and horizons: Six valves (five ventral and one dorsal) from the lower Comley 
Limestones (Cobbold’s Horizon Ac2; Series 2, Stages 3-4) of the Comley area, Shropshire and seven 
ventral valves from the Hollybush Sandstone of the Malvern area (Terreneuvian Series, Stage 2; 
Camanella biozone). 
Occurrence in Britain: Previously recorded only from lower Comley Limestones (Cobbold’s Horizon 
Ac2; Series 2, Stages 3-4) of the Comley area, Shropshire (Cobbold, 1921).  
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Occurrence elsewhere: Billings (1861) originally described the dorsal valve of the species from the 
Cambrian of Labrador, Canada. Walcott (1912) described P. labradorica from the lower Cambrian of 
Labrador, Newfoundland, New Brunswick, Quebec, New York, Nevada and British Columbia. 
Diagnosis: Transverse oval to semicircular; maximum width typically in posterior half of valve; ventral 
valves irregularly convex with flattened/depressed anterior portion and small, high, subconical umbo; 
hinge line straight with rounded postero-lateral angles; ventral pseudointerarea wide, open triangular; 
ornament of irregular coarse concentric growth rings and well formed radial ribs. 
Description: 
Ventral valves transversely semi-oval to semi-circular with short posterior margin; maximum width 
position variable but typically in posterior half of valve. Mean maximum ventral valve length 4.1mm, 
mean maximum width 5.8mm, mean L:W ratio 0.66. Dorsal valve transversely semi-oval with 
maximum width around mid valve; maximum length 3.6mm, maximum width 4.9mm and L:W ratio 
0.73. Measurements of both valves are given in Table 55. 
 Ventral Dorsal 
Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio Length 
(mm) 
Width 
(mm) 
L:W ratio 
Number 11 10 10 1 1 1 
Mean 4.1 5.8 0.66 3.6 4.9 0.73 
St. Dev 1.5 1.6 0.11 - - - 
Min 1.4 2.1 0.50 - - - 
Max 6.5 8.0 0.83 - - - 
 
Table 55 Valve measurements of P. labradorica 
Ventral valves convex with low, depressed/flattened anterior portion of valve; ventral umbo high 
convex to subconical, at posterior margin but not overhanging the margin (Plate 16e-f). Dorsal valve 
low convex, more or less regular with low, rounded umbo. Hinge line straight, representing around 80% 
of maximum valve width, with rounded postero-lateral angles at between 90-120 degrees.  
Ventral pseudointerarea low, wide triangular with open delthyrium. Pseudodeltidium not known. 
Weakly developed flexure lines present on one valve. Dorsal pseudointerarea not known from British 
material. 
Ornament of both valves comprising concentric growth rings which become increasingly coarse and 
irregular towards anterior margin, where they have a crenulated/drape like appearance, and well 
developed radial ribbed ornament extending from the umbo to the anterior margin (Plate 16d).  
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Discussion: 
Billings (1861) erected the species from the lower Cambrian of Labrador, based only on dorsal valves 
which showed regular convexity with concentric striae and coarser growth rings with radiating striae. 
Walcott (1912) described the ventral valves of material from the lower Cambrian of Newfoundland and 
Cobbold (1921) identified the species from the Comley limestones. Although Cocks (2008) states that 
“Cobbold (1921) identified Billings’ species, in the Comley Sandstone Fm (Terreneuvian, Stage 2)”, 
the material described by Cobbold (1921) is in fact from the lower Comley Limestones (Cobbold’s 
Horizon Ac2; lower Cambrian, Series 2, Stages 3-4).  
The present material accords with the description of ventral valves given by Walcott (1912), most 
notably in the nature of ventral valves with the high umbo arched over the posterior margin, depressed 
anterior portion and the increasingly irregular concentric ornament towards the anterior margin. Hinz 
(1987) described P. labradorica from the Comley limestones and noted that no internal morphology 
was observed on any of the 50 specimens. Although this material was not available for this study, 
figures on plate 12 of Hinz (1987) indicate that the species was properly identified. 
Two ventral valves (SM A302) considered by Cobbold (1921) to belong his new species Walcottina 
elevata (see below) are here re-assigned to P. labradorica, including that figured by Cobbold as plate 
21, fig 21 which includes a transverse view showing the characteristically low valve and high conical 
umbo of P. labradorica.  
P. labradorica appears to be younger than P. phillipsii (see below for more detailed discussion) and is 
characteristic of the Callavia biozone (Cobbold, 1921, Brasier 1989, Hinz 1987 and herein). 
Paterina cf. labradorica (Billings, 1861) (Plate 16, figs. g-i) 
Material, localities and horizons: One pair of conjoined valves (SM A294) from the lower Comley 
Limestones (Cobbold’s Horizon Ac2; Series 2, Stages 3-4). 
Description: 
Valves transverse oval; maximum length 7.5mm, maximum width 9.5mm, length:width ratio 0.79. 
Maximum width located anterior of mid valve at around two thirds of valve length from posterior 
margin. Ventral valve convex with maximum height at umbo, flattened/depressed anterior portion; 
dorsal valve low, more regularly convex (Plate 16g). Hinge line straight with rounded postero-lateral 
angles at over 90 degrees.  
123 
 
 
Ventral umbo rounded, moderately high (maximum height 1mm), projecting slightly beyond posterior 
margin (Plate 16h). Ventral pseudointerarea low, wide triangular, open. Dorsal umbo lower (maximum 
height 0.7mm) and rounded. 
Ornament of irregular concentric growth rings which become increasingly coarse towards anterior of 
valve. Dorsal valve shows no ornament for posterior third of valve length, with growth rings developed 
only anterior of this portion (Plate 16i).  
Discussion: 
This specimen is similar to P. labradorica described above but is considerably larger, differs in outline 
with the maximum width anterior to the mid valve and displays a ventral umbo further overhanging the 
posterior margin.  
Paterina minor Cobbold (Plate 7, figs. k-r; Plate 16, figs. p-r) 
1921  Micromitra (Paterina) minor Cobbold, p. 333, pl. 21, figs. 14-16 
1921  Micromitra (Paterina) minor var. gibbosa Cobbold, p. 334, pl. 21, fig. 17 
1934  Micromitra cf. minor Cobbold; Cobbold & Pocock, p.326 
1978  Paterina minor Cobbold; Cocks, p. 33 
2008  Paterina minor Cobbold; Cocks, p. 35 
Holotype: Holotype of M. minor, SM A291, from the Olenellus Limestone Fm (Horizon Ac2) 
(Terreneuvian Series, Stage 2) at Comley Quarry, near Church Stretton, Shropshire. Grid Ref. SO 484 
965. Lectotype of M. minor var. gibbosa, GSM RR 1117, selected by Cocks (1978, p. 33), from the 
same horizon and locality.  
Material, localities and horizons: Three ventral valves and one dorsal valve from the Olenellus 
Limestone Fm (Cobbold’s Horizon Ac2; Terreneuvian Series, Stage 2) at Comley Quarry, near Church 
Stretton, Shropshire including holotype specimens set out above; two complete ventral valves and 21 
ventral valve fragments from Undifferentiated Comley Limestone (Cambrian Series 2, Stage 4) from 
the Comley area, Shropshire; two ventral valves from the Callavia beds of the Comley Limestone from 
the Comley area Shropshire. 
Occurrence in Britain: Known only from the Comley limestone at Comley, Shropshire. 
Occurrence elsewhere: Known only from the Comley limestone at Comley, Shropshire. 
Diagnosis: Sub-quadrate to transversely oval valves, maximum width anterior of mid valve; moderately 
convex. Short, straight hinge line with rounded postero-lateral angles. Ventral umbo rounded, slightly 
overhanging posterior margin. Ventral pseudointerarea low with wide triangular, open delthyrium. 
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Description:  
Ventral valve sub-quadrate to transversely oval with maximum width anterior of mid valve (Plate 7l, 
16p-q). Mean maximum length 2.4mm, mean maximum width 3.2mm, mean L:W ratio 0.74. 
Moderately convex, maximum height 1mm, representing approximately 25-30% of valve width. 
Maximum height at posterior margin with apex slightly overhanging posterior margin. Ventral 
pseudointerarea low, wide triangular, apparently open delthyrium, no indication of a pseudodeltidium. 
Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio 
Number 5 5 5 
Mean 2.1 2.8 0.74 
Median 1.9 2.6 0.76 
St Dev 0.8 1.0 0.03 
Min 1.3 1.9 0.68 
Max 3.3 4.3 0.77 
 
Table 56 Ventral valve measurements of P. minor 
Dorsal valve transversely oval to semi-circular, maximum width at or slightly anterior to mid-valve 
length (Plate 16r). Mean maximum length 1.6mm, mean maximum width 1.9mm, mean L:W ratio 
0.68.. Valve low convex, regular, with maximum height of 0.4mm, representing only approximately 
10% of valve width. 
Posterior margin of both valves short, representing approximately 75% of maximum valve width, 
straight, with wide, rounded postero-lateral angles at over 90 degrees (Plate 7l). Ventral umbo rounded, 
slightly re-curved, slightly overhanging posterior margin. Dorsal umbo weakly developed. Possible 
development of flexure lines though not clearly preserved.  
Ventral larval shell circular, approx. 600um diameter; lobate with medial sulcus separating two lobes; 
grooves representing “growth tracks” curved into sulcus (Plate 7m-n). Dorsal larval shell circular, 
approx. 600um diameter; two anterior lobes divided by medial sulcus and single lobe to posterior 
portion of larval shell. Larval shells of both valves tuberculate.  
Ornament of well developed, irregular coarse concentric growth ridges on both valves with 
development of nick points due to radial ribs (Plate 7q-r). 
Discussion: 
Cobbold (1921) originally described Micromitra minor and M. minor gibbosa; the distinction drawn by 
Cobbold between the two taxa (a more strongly convex anterior-slope in M. minor gibbosa) has not 
been recognised in this review and Cobbold’s subspecies is hence treated as a synonym of M. minor.  
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The present study has found the British material, including holotypes of M. minor and M. minor 
gibbosa, to accord closely with the description of Swedish Micromitra (Paterina) undosa from Moberg 
(1892) and Walcott (1912); Cobbold (1921) was aware that M. minor was very similar to M. (P.) 
undosa, but erected a new species as he was unable to provide a full comparison as the interarea was 
not known at that time from the Swedish material. However, recent revision of M. undosa based on 
material from the type horizon identified that the interarea of that taxon has a well-defined 
homeodeltidium leading to the erection of a new genus, Tallatella (Topper & Skovsted 2014). As a 
result of the open triangular delthyrium in the British material, Cobbold’s treatment of this material as a 
different taxon is followed herein. 
P. minor is similar in outline to P. labradorica but differs in being typically smaller, more regularly 
convex and in possessing a recurved umbo that projects more clearly beyond the posterior margin than 
in the latter species. P. minor lacks the characteristic posterior-projecting knob of P. phillipsii. 
 
Paterina phillipsii (Holl, 1865) (Plate 16, figs. j-o) 
1865  Obolella phillipsii Holl, p. 101, figs. 10a-c 
1866  Obolella? phillipsii Holl; Davidson, p. 62, pl. 4, figs. 17-19 
1868b  Kutorgina cingulata Billings; Davidson, p. 312, pl. 16, fig. 10 
1902  Kutorgina cingulata var. phillipsii (Holl); Matley, p. 145 
1912  Micromitra (Paterina) phillipsi (Holl); Walcott, p.351, pl. 3, fig. 8 
1921  Micromitra (Paterina) phillipsi (Holl); Cobbold, p. 329, pl. 21, figs. 1-3 
1978  Paterina phillipsii (Holl); Cocks, p. 33 
1984  Micromitra phillipsi (Holl); Brasier, p.248, figs. 2t-u 
1987  Micromitra phillipsi (Holl); Hinz, p.35-6, pl. 5, fig. 4 
1998  Aldanotreta? phillipsi; Williams et al., p.250, pl. 10, fig 6 
2008  Paterina phillipsii (Holl); Cocks, p. 35-6; Pl. 1, fig. 15 
Lectotype: B 4038, selected by Cocks (1978, p. 33) and re-illustrated in Cocks (2008; Pl. 1, fig. 15), 
from the Hollybush Sandstone Formation (Terreneuvian Series, Stage 2) of the Malvern Hills (exact 
locality unknown), Herefordshire. 
Material, localities and horizons: Nine ventral valves from the lower Cambrian Home Farm Member, 
Nuneaton (Terreneuvian Series, Stage 2; Camanella biozone); 11 ventral and three dorsal valves from 
the Malvern Quartzite (Terreneuvian Series, Stage 2; Camanella biozone); 11 ventral valves plus two 
dorsal valves from the Hollybush Sandstone of the Malvern area (Terreneuvian Series, Stage 2; 
Camanella biozone); and one ventral valve from the “Obolella groomi” grits of Shropshire (Uppermost 
Terreneuvian Series, Stage 2; Camanella biozone).  
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Occurrence in Britain: Recorded by Holl (1865) and Matley (1902) from the Malvern Quartzite 
(Terreneuvian, Stage 2) of the Malvern area, Cobbold (1921) from the Obolella groomi beds 
(Cobbold’s Ab1, Cambrian Series 2, Stage 3) of Shropshire and Brasier & Hewitt (1978) and Brasier 
(1984; 1986) from the Home Farm Member (Terreneuvian, Stage 2) of Warwickshire.  
Occurrence elsewhere: Landing (1991; 1995) recorded P. phillipsii from the Cuslett and Fosters Point 
Formations of the Bonavista Group (Terreneuvian Series, Stage 2; Camanella biozone) and the younger 
Brigus Formation (Cambrian Series 2, Stage 3; Callavia biozone) of Newfoundland, Canada. 
Diagnosis: ventral valve with straight hinge line and rounded postero-lateral angles at around 90-100 
degrees; low-moderately convex; umbo consists of small posterior-projecting knob. 
Description: 
Both valves semi-circular to transversely semi-oval. Ventral valve mean length 4.1mm, mean width 
5.7mm, mean L:W ratio 0.71; dorsal valve mean length 4.3mm, mean width 5.7mm, mean L:W ratio 
0.75. Maximum width of both valves located between around one third of valve length from posterior 
margin to mid valve.  
Ventral valves moderately convex with maximum height representing around 25-30% of valve width; 
ventral valves convex with postero-lateral margins somewhat flattened, flange-like and with a slight 
depression around mid-valve. Dorsal valves low convex with maximum height representing around 15-
20% of valve width.  
 Ventral Dorsal 
Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio Length 
(mm) 
Width 
(mm) 
L:W ratio 
Number 27 27 27 5 5 5 
Mean 4.1 5.7 0.71 4.3 5.7 0.75 
Median 4.1 6.1 0.70 4.6 5.6 0.76 
St Dev 1.06 1.41 0.07 1.1 1.2 0.06 
Min 1.7 3.4 0.50 2.6 3.9 0.67 
Max 6 9.5 0.83 5.3 7 0.82 
 
Table 57 Valve measurements of P. phillipsii 
Hinge line of both valves wide, representing around 75-80% of maximum valve width, straight, with 
rounded postero-lateral angles between 90-100 degrees; lateral margins extending to maximum width 
between posterior margin and mid-valve (Plate 16j-k).  
Ventral pseudointerarea typically poorly preserved or obscured by rock matrix; where preserved, more 
or less catacline, represented by an open, triangular delthyrium. Ventral umbo represented by a sub-
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spherical ‘knob’ which projects posteriorly and often, but not always, extends beyond the posterior 
margin (Plate 16n-o); Mean diameter of the knob is 0.4mm. Dorsal umbo low, lacking the knob of the 
ventral valve. 
Both valves thick shelled, comprising up to six layers (Plate 16l-m) with ornament of irregular, 
concentric growth rings which typically become coarser towards anterior margin. Growth rings 
typically show a “crenulated” pattern (Plate 16j, 16m) due to development of nick points, related to 
radial ornament which is most clearly preserved on the inner layers (Plate 16l). 
Internal morphological features are not known from either valve.  
Discussion:  
Walcott (1912), Cobbold (1921) and Brasier (1984) incorrectly referred to the species as phillipsi; the 
correct name of phillipsii as erected originally by Holl (1865) is used herein.  
This study follows Cocks (2008) in assigning the species to Paterina. While the posterior of the valves 
is typically not well preserved, it is clear that a Paterina-like open triangular delthyrium is present, and 
a Micromitra-like homeodeltidium absent. Ornament in the species is closely comparable to that 
described for Paterina by Laurie (1996).  
The key feature of P. phillipsii which distinguishes it from other species is the characteristic rounded, 
posterior-projecting knob at the umbo of the ventral valve. P. rhodesi has a pointed, erect umbo whilst 
P. minor and M. pusilla have a recurved umbo overhanging the posterior margin. The rounded postero-
lateral angles and the location of the maximum width also distinguish the species from other British 
paterinids, for example P. rhodesi where the hinge line terminates in sharp postero-lateral angles and 
marks the maximum width. M. pusilla is also normally much smaller in size.  
Brasier (1984) considered that P. phillipsii was similar to Aldanotreta and Williams et al. (1998) 
tentatively assigned it to Aldanotreta, (Pl. 10 fig 6-7 Aldanotreta? phillipsii) based on British material. 
The specimens imaged by Williams et al. (1998) have not been located, but review of their figures 
suggests that the material is very similar to Askepasma saproconcha from Australia recently described 
by Topper et al. (2013; p.102, plate 5, Fig A). Williams et al. (1998; Pl 10, fig 6) also claim evidence of 
pinnate mantle canals in both valves of A.? phillipsii which has not been recognised in the present 
review; the material described by Williams et al. (1998) is not, therefore, considered to belong to P. 
phillipsii. Brasier (1984) also recorded a number of specimens of P. phillipsii from the lower Cambrian 
Hyolithes limestone of the English Midlands, many of which are best described as indeterminate 
paterinids, although P. phillipsii is recorded herein from the Hyolithes Limestone.  
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Holl (1865) originally identified P. phillipsii from the lower Cambrian Hollybush Sandstone of the 
Malverns; it has additionally been recorded from the lower Cambrian Malvern Quartzite (Matley 1902) 
of the Malvern Hills and the lower Cambrian Hyolithes Limestone of the Home Farm Member in the 
area around Nuneaton (Cobbold, 1919; Brasier 1984, 1986). In this study P. phillipsii is also identified 
from the Hyolithes limestone and the Hartshill Quartzite at the base of the Home Farm Member in the 
Nuneaton area, and in the lower Cambrian Obolella groomi grits of Shropshire (the Ab1 horizon of 
Cobbold, 1921). Although Hinz (1987) recorded ‘M. phillipsi’ from the somewhat younger Comley 
Limestones, that material is not considered to represent P. phillipsii as it appears to lack the 
characteristic knob and is more likely to be P. labradorica. Rushton et al. (2011, Figs. 11 and 12) 
indicate that the Ab1 beds of the Lower Comley Sandstone of Shropshire, the Home Farm Member of 
Nuneaton, the Malvern Quartzite and lowermost Hollybush Sandstone of the Malvern area all lie within 
the Camanella biozone of Cambrian Stage 2 (Terreneuvian series). The appearance of P. phillipsii 
appears therefore to be an indicator of the Camanella biozone in England, although its presence in the 
Brigus Formation in Newfoundland (Callavia biozone, Landing 1991; 1995) may indicate that P. 
phillipsii ranges higher in Newfoundland (Williams et al. 2013). 
 
Paterina rhodesi Cobbold, 1921 (Plate 17, figs. a-e) 
1921  Micromitra (Paterina) rhodesi Cobbold, p. 330, pl. 21, figs. 4-6, ?fig. 9 
1978  Paterina rhodesi Cobbold; Cocks, p. 33 
2008  Micromitra rhodesi Cobbold; Cocks, p. 35 
Holotype. GSM 30847, from the Lower Comley Sandstone Fm (Cobbold’s Horizon Ab1; Terreneuvian 
Series, Stage 2) from the Road Quarry, The Cwms, near Church Stretton, Shropshire. Grid Ref. SO 475 
947. 
Material, localities and horizons: Ten ventral valves, six from the Hollybush Sandstone of the Malvern 
area (Terreneuvian Series, Stage 2 to Series 2, Stage 3), three from the “Obolella groomi” bed of the 
Comley, Shropshire, area (Cobbold’s Ab1; Terreneuvian Series, Stage 2) and one from the Home Farm 
Member of the Hartshill Formation, from Nuneaton (Terreneuvian Series, Stage 2). 
Occurrence in Britain: Previously only recorded from the Comley Area, Shropshire (Cobbold, 1921), 
the species is here recorded from the Hollybush Sandstone of the Malvern area and the Home Farm 
Member of Nuneaton for the first time.  
Occurrence elsewhere: Not known from outside Britain. 
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Diagnosis: Valves almost semicircular, wide straight hinge line representing maximum valve width, 
with sharp postero-lateral angles at less than 90 degrees. Pseudointerarea with flexure lines and wide, 
open triangular delthyrium. 
Description: 
Ventral valves almost semi-circular with maximum width represented by the posterior margin (Plate 
17b-c); mean maximum length 3.5mm, mean maximum width 5.4mm, mean L:W ratio 0.65. Low to 
moderately convex, maximum height at or near posterior margin representing less than 20% of valve 
width; depressed lateral and postero-lateral margins (Plate 17a-b). Hinge line straight, long, 
representing maximum valve width, with sharp postero-lateral angles at or less than 90 degrees. Thick 
shelled with ornament of regular concentric growth rings often showing crenulated form with 
development of nick points (Plate 17d).  
Measurement  Length 
(mm) 
Width 
(mm) 
L:W ratio 
Number 8 8 8 
Mean 3.5 5.4 0.65 
Median 3.7 5.9 0.63 
St Dev 1.4 2.0 0.07 
Min 1.8 2.3 0.57 
Max 5.6 7.8 0.78 
 
Table 58 Ventral valve measurements of P. rhodesi 
Ventral umbo moderately high, rounded, located near but not overhanging posterior margin. 
Pseudointerarea catacline with flexure lines and wide, open triangular delthyrium. Well developed 
radial ornament on interior surface of valve, extends for full valve length (Plate 17b). 
Dorsal valve unknown. 
Discussion: 
The wide, open triangular delthyrium and radial ornamentation leading to development of nick points in 
external concentric growth rings suggest that this species should be assigned to Paterina, as suggested 
by Cocks (1978) but contra Cocks (2012). 
Paterina rhodesi is the only paterinid recognised from Britain where the maximum width of the valve is 
represented by the posterior margin and postero-lateral angles are sharp and at less than 90 degrees.  
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Paterina sp. 1 (Plate 17, figs. f-h) 
Material, localities and horizons: One ventral valve from reworked fragments in a Permian breccia 
from the Doddington Borehole, Lincolnshire (part and counterpart, AT1124 & AT1125 from the British 
Geological Survey) and one ventral valve from the Callavia Beds of the Comley Limestone (Cobbold’s 
Ac2 horizon; Cambrian Series 2, Stage 3) of Shropshire (RR 1139 from the British Geological Survey). 
Description:  
Ventral valve transverse oval with length:width ratio of 0.71 to 0.78; maximum length 5.7mm-6mm, 
maximum width 7.7-8.0mm located anterior of mid-valve. Low to moderately convex, with maximum 
height near posterior margin representing 16% of valve width.  
Hinge line straight, short, representing only around two thirds of maximum valve width with wide, 
rounded postero-lateral angles at around 120 degrees. Thick shelled (Plate 17h) with ornament of fine 
concentric growth lines (Plate 17f) and radial ribs on internal surface, extending full valve length (Plate 
17g).  
Apex marked by large rounded knob-like umbo (Plate 17h) at posterior margin, approximately 1.2mm 
in diameter. Pseudointerarea catacline with high, open triangular delthyrium. 
Discussion: 
As the lithology of the two specimens is similar, it is inferred that the fragment from the Permian 
breccia was derived from the Comley limestones of the Shropshire area. 
Whilst the knob-like umbo of AT1124 is similar to that of P. phillipsii, it is considerably larger and 
does not project posteriorly. The valves themselves are also significantly larger than those of P. 
phillipsii. The posterior margin is much shorter and the postero-lateral angles are wider than in any 
other species identified from the British Cambrian.  
The two valves are very similar in size and valve outline, including height. The high, open triangular 
delthyrium and concentric ornament with radial ribs is typical of Paterina, however owing to a lack of 
material and relative lack of morphological features this material is left under open nomenclature.  
Paterina sp. 2 (plate 17, figs. i-j) 
Material, localities and horizons: One ventral and one dorsal valve from the Hollybush Sandstone of 
the Malvern area (Terreneuvian Series, Stage 2; Camanella biozone). Specimens 54254 (dorsal) and 
54259 (ventral) from the British Geological Survey. 
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Description:  
Ventral valve (Plate 17j) semi-circular to transversely oval with L:W ratio of 0.64; maximum length 
2.5mm, maximum width 3.9mm located at around one third of length from posterior margin. 
Moderately convex, with maximum height of 1.1mm, representing 19% of valve width, just anterior of 
posterior margin. Wide, straight hinge line but not representing maximum width of valve, Postero-
lateral angles slightly rounded at just over 90 degrees. Thick shelled with ornament of irregular 
concentric growth rings developed towards anterior; absence of growth lines elsewhere related to poor 
preservation. Radiating pattern of fine ridges preserved on the interior. Umbo rounded, moderately 
high, near but not at posterior margin of valve. Pseudointerarea well preserved with wide, low 
triangular delthyrium; flexure lines either side of open delthyrium. 
Dorsal valve (Plate 17i) transverse oval with L:W ratio of 0.74; maximum length 4.2mm, maximum 
width 5.7mm located at around one third of valve length from posterior margin. Low convex, with 
maximum height at umbo, near posterior margin, of 0.5mm (13% of valve width); convex with valve 
depressed towards anterior and lateral margins. Hinge line straight with postero-lateral angles at around 
90 degrees. Ornament of irregular growth lines, not well preserved, apparently drape-like/crenulated 
particularly towards anterior. Posterior margin and pseudointerarea unknown. 
Discussion: 
Whilst these valves are most similar to P. rhodesi, the posterior margin does not represent the 
maximum width of the valve and the postero-lateral angles are more rounded than in P. rhodesi. The 
characteristic knob of P. phillipsii is not noted on the present material and the valve outline and 
convexity are different to other paterinids from southern Britain. Although the nature of the ornament 
and open triangular delthyrium suggest assignment to Paterina, the valves are not sufficiently well 
characterised for the erection of a new species, and hence the taxon is left under open nomenclature. 
Family UNCERTAIN 
Remarks: The family Cryptotretidae was erected to accommodate Cryptotreta and Aldanotreta 
(Pelman, 1977); subsequently the genera Dzunarzina, Salanygolina and Askepasma were also assigned 
to it (Laurie, 2000). All these genera are monotypic except for Askepasma (additional species of 
Askepasma were described by Peng et al. 2010 and Topper et al. 2013). However the close relationship 
between these four taxa has been called into question, due at least in part to the limited number of 
specimens of each genus and inadequate figures, and each of these taxa are in need revision (Holmer et 
al. 2009). Owing to the uncertainties surrounding the Cryptotretidae, and following the treatment 
adopted by Topper et al. (2013) in their review of Askepasma from Australia, the family-level 
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assignment of the following taxa is left uncertain, pending revision of the Siberian material upon which 
the family was based. Such revision is outside the scope of this work. 
Genus ALDANOTRETA Pelman, 1977 
Type species: A. sunnaginensis Pelman, 1977, from the lower Cambrian (Fortunian) of the Aldan River, 
Siberia, Russia. Lower Cambrian. 
Diagnosis: [After Laurie 2000] Transversely ovate, biconvex, ventral valve broadly sulcate, hinge line 
straight; ventral pseudointerarea well defined, high, apsacline; delthyrium open; dorsal pseudointerarea 
well defined, high, hypercline; ornament of irregularly developed, concentric growth lamellae and fine 
radial lirae. 
Aldanotreta anglica (Cobbold) (Plate 12, fig. r) 
1934  Kutorgina? anglica Cobbold in Cobbold & Pocock, p. 328, pl.40, figs. 11-13, 15 
1978 Kutorgina? anglica Cobbold; Cocks, p.34 
2008 Kutorgina? anglica Cobbold; Cocks, p.42 
 
Holotype: GSM 51669, from the Lower Comley Sandstone (Terreneuvian Series, Stage 2) from 
Rushton, Shropshire. Grid ref. SJ 614 070. 
Material, localities and horizons: A single dorsal valve from the lower Comley Sandstone (Cobbold’s 
Horizon Ab1; Terreneuvian Series, Stage 2) of Rushton, Shropshire. Other specimens referred to by 
Cobbold have not been traced.  
Occurrence elsewhere: Known only from the lower Comley Sandstone (Cobbold’s Horizon Ab1; 
Terreneuvian Series, Stage 2) of Shropshire. 
Diagnosis: Subcircular to transverse oval; posterior margin short, umbo protruding beyond margin. 
Broadly sulcate. 
Description: 
Valve subcircular to transverse oval, maximum length 5mm, maximum width 5.2mm, L:W ratio 0.96. 
Posterior margin short, straight, rounded postero-lateral angles; umbo protruding beyond margin; 
maximum width around three quarters of valve length. Valve convex, broadly sulcate; sulcus begins 
around one quarter valve length, extending to anterior margin (Plate 12r).  
Exterior ornament of coarse concentric growth ridges, with four particularly coarse ridges more or less 
evenly spaced across the valve. 
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Discussion: 
Only the holotype specimen has been traced during the present study; this valve has been coated and 
hence the image (Plate 12r) does not clearly show morphological features visible under natural light. 
The general valve outline is typical of paterinids and the presence of the broad sulcus suggests that the 
material should be assigned to Aldanotreta. The short posterior margin, with the umbo protruding 
beyond the posterior margin distinguish this species from others found in the UK.  
Aldanotreta sp. 1 (Plate 17, figs. k-n) 
1921 Micromitra (Paterina) phillipsi (Holl); Cobbold, p. 329, pl. 21, fig 3 
Material, localities and horizons: One ventral valve from the “Obolella groomi” grits of Shropshire 
(Cobbold’s Ab1 horizon; Terreneuvian Series, Stage 2; Camanella biozone). Part and counterpart, 
A282 and A283 from the Sedgwick Museum.  
Description: 
Semicircular to transverse oval with L:W ratio 0.60; maximum width 5.3mm located at around one third 
of valve length from posterior margin, maximum length 3.5mm. Moderately convex, maximum height 
1.5mm representing approximately 28% of valve width located at around 20% of valve length from 
posterior margin; flattened postero-lateral margins.  
Hinge line apparently straight but poorly preserved; postero-lateral angles not clearly preserved, up to 
around 110 degrees and rounded. 
Thick shelled (Plate17m-n) with no evidence of external ornament on shell fragment. Interior ornament 
of randomly distributed small, rounded pustules noted only toward the lateral portion of valve around 
mid length, (Plate 17l for distribution and Plate 17m for detail). On the counterpart these pustules are 
represented by imprints.  
Umbo represented by apparent small rounded apex at around 20% of valve length from the posterior 
margin. Pseudointerarea procline, flat, with an open triangular delthyrium. 
Pinnate mantle canals well preserved (Plate 17k-l and Cobbold 1921, pl xxi, fig 3), extending for most 
of valve length. Baculate vascula media extend approximately one third of valve length, diverging 
slightly anteriorly and delineate a shallow medial trough. 
Discussion: 
Although Cobbold (1921, pl. Xxi, fig 3) figured this specimen as Micromitra (Paterina) phillipsi, it 
lacks the characteristic posterior projecting knob and differs in outline from P. phillipsii. The 
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combination of the general valve outline and morphology, open triangular delthyrium and pinnate 
mantle canals are suggestive of Aldanotreta, although the valve is not obviously sulcate. 
The internal pustulose ornament on the lateral portion of this valve has not been observed in any other 
paterinid fossil; it is not clear whether it represents a taphonomic artefact or a genuine character. 
Owing to the lack of material, and that the ventral valve is unknown, this material is left under open 
nomenclature. 
Aldanotreta sp. 2 (Plate 17, figs. o-p) 
Material, localities and horizons: One partial ventral valve from the Hyolithes Limestone of the Home 
Farm Member from the area around Nuneaton (Terreneuvian Series, Stage 2; Camanella biozone). 
A59583 from the Sedgwick Museum. The specimen was coated with glue prior to this study, and hence 
images are of poor quality. 
Description:  
Partial valve, apparently subcircular to transverse oval with straight hinge line; maximum width 11.1m, 
max length 14mm, L:W ratio 0.79. Low to moderately convex with broad, shallow sulcus; maximum 
height 3mm, representing 21% of valve width; umbo not well developed. Ornament of irregularly 
developed concentric growth lines, best preserved at anterior portion of valve (Plate 17o). 
Pseudointerarea more or less catacline with high, open triangular delthyrium (Plate 17p).  
Discussion: 
The high pseudointerarea, open triangular delthyrium and sulcate nature of this partial valve suggest 
assignment to Aldanotreta (Laurie, 2000). The valve is considerably larger than any other paterinid 
identified from the British Cambrian. Walcott (1912) described two large paterinid taxa from north 
America: Micromitra (Paterina) williardi has strong, closely spaced concentric striae, unlike the 
present material; Micromitra (Paterina) major, whilst similar to the present material in ornament, had a 
slightly recurved umbo overhanging the posterior margin, and lacked a sulcus.  
Owing to poor preservation and lack of morphology this valve is left under open nomenclature. 
Aldanotreta? sp. 3 (Plate 2, fig. r) 
Material, localities and horizons: One valve from the Hollybush Sandstone (Terreneuvian Series, Stage 
2) of Raggedstone Hill, Malvern Hills). A175 from the Oxford University Museum of Natural History. 
Description:  
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More or less quadrate valve, 9.3mm wide, 7.6mm long with maximum width at around one-third of 
valve length. Low to moderately convex, maximum height around 1.5mm representing around 16% of 
valve width. Posterior margin straight, wide with rounded postero-lateral angles at little over 90 
degrees. Small rounded umbo projecting slightly beyond posterior margin. No indication of sulcus; 
anterior margin weakly plicate. Pseudointerarea catacline with apparently open triangular delthyrium. 
Discussion: 
The broadly quadrate outline, open triangular delthyrium and large size suggest that this taxon could be 
assigned to Aldanotreta, however the lack of morphology and ornament make it difficult to assign the 
taxon confidently to any genus. It is distinguished from Aldanotreta sp. 1 by its much larger size and 
from Aldanotreta sp. 2 in its quadrate outline and well developed umbo. 
 
Genus ASKEPASMA Laurie, 1986 
Type species: Askepasma toddense Laurie, 1986 from the Lower Cambrian (Atdabanian; Terreneuvian 
Series, Stage 2), Todd River Dolostone, Northern Territory, Australia. 
Other species assigned: A. transversalis Peng et al. (2010), Lower Cambrian, China; A. saproconcha 
Topper et al. (2013), lower Cambrian (Series 2, Stage 3), Australia. 
Diagnosis: [After Laurie 2000]: Subquadrate, ventribiconvex, ventral valve weakly, broadly sulcate, 
hinge line straight; ventral pseudointerarea well defined, high, slightly concave, apsacline; 
homeodeltidium absent; dorsal pseudointerarea well defined, planar, anacline to catacline; 
homeochilidium well developed, small, apical; ornament of irregularly developed, concentric growth 
lamellae; micro-ornament of irregularly arranged, polygonal pits.  
Discussion:  
Askepasma was originally assigned to the Paterinidae by Laurie (1986), but was subsequently 
considered a member of the Cryptotretidae (Williams et al.1998 and Holmer et al. 2006). The key 
distinguishing features of genera assigned to the Cryptotretidae are the shell outline, nature of the 
pseudointerarea and sulcus: Cryptotreta and Aldanotreta are transversely ovate whilst Askepasma is 
subquadrate in outline; Aldanotreta is broadly sulcate with an apsacline pseudointerarea, and 
Cryptotreta has an orthocline pseudointerarea. Askepasma is very similar to Dzunarzina, so much so 
that Williams et al. (1998) considered the two to be potential synonyms; this treatment is followed 
herein owing to the uncertainties in relationships between these taxa.  
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This is the first recorded occurrence of Askepasma from Avalonia; it has previously only been recorded 
from Australia (Laurie, 1986; Topper et al. 2013) and China (Peng et al. 2010). The occurrence in 
Avalonia significantly expands the known range of the genus as both Australia and China were located 
at considerable distances from Avalonia in the Cambrian (Cocks and Torsvik 2002). 
Askepasma lapworthi (Cobbold 1921) (Plate 17, fig. q) 
1921  Walcottina lapworthi Cobbold, p. 336, pl. 21, figs. 23a-c, 24a-b, 25 
1978 Walcottina lapworthi Cobbold; Cocks, p. 34 
2000 Micromitra? lapworthi (Cobbold); Holmer & Popov, p. 153 
2008 Walcottina lapworthi Cobbold; Cocks, p. 36 
Type: Holotype of W. lapworthi GSM 30855a, from the conglomeratic beds at the base of the Obolella 
groomi Fm (Cobbold’s Horizon Ab1; Terreneuvian Series, Stage 2) of The Cwms, Comley, near 
Church Stretton, Shropshire. Grid Ref. SO 475 947. 
Material, localities and horizons: Seven ventral valves from the Hollybush Sandstone (Terreneuvian 
Series, Stage 2) of Raggedstone Hill, Malvern Hills and four ventral valves from the conglomeratic 
beds at the base of the Obolella groomi Fm (Cobbold’s Horizon Ab1; Terreneuvian Series, Stage 2) of 
The Cwms, Comley, near Church Stretton, Shropshire.  
Description: 
Ventral valve sub-quadrate (Plate 17q); mean maximum width 8.3mm, mean maximum length 6.2mm, 
mean length:width ratio 0.73; maximum width at or anterior to mid valve. Moderately convex, 
maximum height at umbo representing around 25% of maximum width; not clearly sulcate but with 
depressed postero-lateral portion of valve. Hinge line wide, straight, representing over 90% of 
maximum valve width, postero-lateral angles typically rounded at around 90 degrees. Thick shelled 
with ornament of radial ribs and irregular concentric growth lines. Umbo rounded and marginally 
overhangs the posterior margin. Pseudointerarea poorly preserved; catacline, low, wide triangular. 
Dorsal valve unknown.  
Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio 
Number 10 10 10 
Mean 5.6 7.7 0.73 
Median 5.6 7.7 0.72 
St. Dev. 1.16 1.37 0.04 
Min 4.1 5.8 0.68 
Max 7.5 9.4 0.80 
 
Table 59 Valve measurements of A. lapworthi 
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Discussion:  
The material previously assigned to Walcottina lapworthi (GSM 30855 and 30856) by Cobbold (1921), 
although poorly preserved, is herein assigned to Askepasma on the basis of the sub-quadrate valve 
outline, valve dimensions and the ornament of radial ribs and concentric growth rings. 
The material described here is subquadrate with no indication of a sulcus, possesses a catacline 
pseudointerarea, and is similar in outline and size to ventral valves of Askepasma toddense (Fig. 2 A1 of 
Topper et al., 2013 and Fig. 86, 1a of Laurie, 2000); despite the apparent similarity with A. toddense, 
the separate species is retained for material from the UK. Askepasma has a distinctive polygonal 
ornament which is not noted in the present material; although this lack of ornament may reflect poor 
preservation, it has also not been observed on the limited specimens of Dzunarzina (Topper et al. 2013). 
As noted earlier, Williams et al. (1998) considered that Dzunarzina may be a junior synonym of 
Askepasma and, as a result of uncertainties surrounding relationships between genera previously 
assigned to the Cryptotretidae (Topper et al. 2013), that treatment is followed herein and this material 
assigned to Askepasma. 
Askepasma kingi (Cobbold) 1921 (Plate 2, fig. r) 
1921  Micromitra (Paterina) kingi Cobbold, p. 330, pl. 21, figs. 7, 8 
1978  Paterina kingi Cobbold; Cocks, p. 33 
2008  Aldanotreta? kingi (Cobbold); Cocks, p.36 
Holotype: GSM 30851, from the Lower Comley Sandstone Fm (Horizon Ab1) (Comley Series: 
Terreneuvian) of The Cwms, near Church Stretton, Shropshire, Grid Ref. SO 475 947. The slab 
GSM30851 contains two valves referred to by Cobbold; 30851h is herein selected as the lectotype as it 
is the most complete valve of the two. 
Material, localities and horizons: Two valves from the Lower Comley Sandstone Fm (Cobbold’s 
Horizon Ab1; Terreneuvian Series, Stage 2) of The Cwms, near Church Stretton, Shropshire, Grid Ref. 
SO 475 947. 
Occurrence in Britain: Known only from the Lower Comley Sandstone from Shropshire. 
Occurrence elsewhere: Not known outside Shropshire. 
Diagnosis: Ventral valve sub-quadrate, maximum length anterior of mid valve; posterior margin short, 
representing approximately two thirds of maximum valve width; moderately convex. Ventral 
pseudointerarea high, triangular, open delthyrium. 
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Description: 
Ventral valve transversely sub-quadrate, maximum width at around two thirds of valve length; valve 
measurements given in Table 60. Posterior margin short, straight, represents around two thirds of valve 
width; postero-lateral margin wide, rounded; postero-lateral angle in excess of 100 degrees. Ventral 
valve convex. Ventral pseudointerarea high, triangular with open delthyrium. 
Measurement Length 
(mm) 
Width 
(mm) 
L:W ratio 
Valve 1 (GSM 30851g) 5.7 7.4 0.77 
Valve 2 (GSM 30851h) 5.1 6.4 0.80 
 
Table 60 Valve measurements of A. kingi 
Exterior ornament of coarse, concentric growth rings.  
Discussion:  
The general nature of the valves, sub-quadrate outline and high open triangular delthyrium are 
indicative of the genus Askepasma. Although similar in dimensions to A. lapworthi described above, the 
present material has a shorter posterior margin, wider postero-lateral angles and the umbo does not 
overhang the posterior margin. 
A further specimen recorded as Micromitra (Paterina) kingi from the Sedgwick Museum (A280) does 
not contain any recognisable paterinid brachiopod remains. 
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5 PHYLOGENETICS OF LINGULATE BRACHIOPODS 
A BRIEF HISTORY OF BRACHIOPOD CLASSIFICATION 
A number of brachiopod classification schemes have been developed over the last 150 years (Fig. 8) 
and useful summaries of the history of brachiopod classification are provided by Muir-Wood (1955), 
Williams et al. (2000) and Carlson (2001).  Three main phases of development in brachiopod 
systematics can be identified (Carlson 2001): 
 pre-1956 – a period where palaeontologists and biologists attempted to reconcile the 
classification of the phylum based on living brachiopod evidence with the fossil record; 
 1956 to around 1990 – attempts to identify classification based on biological evidence and 
using palaeontological evidence to establish divisions and evolutionary trends within the major 
groups identified on biological grounds; 
 post-1990 – the use of modern methods such as phylogenetic systematics and molecular 
techniques to revise the previous classifications incorporating both biological and 
palaeontological evidence. 
Most attempts to classify the Brachiopoda have relied on the perceived importance of a small number of 
key characters (Williams 1956), six of which have been identified as particularly important. These are 
valve articulation, shell mineralogy, relationship of the pedicle to the shell, embryological origin of the 
pedicle, development of the mantle (whether it reverses) and the presence (or absence) of an anal 
opening (Carlson 2001).  Many of these key characters cannot be easily determined in fossil material 
and given that the fossil record of brachiopods indicates that they were far more diverse in the 
geological past, with their greatest diversity in the lower Palaeozoic, it is important that any 
classification to be used for palaeontological research is based on characters that can be determined 
from the fossil record. Reconciling biological and palaeontological evidence is hence essential in 
producing a useable classification scheme for the Brachiopoda. 
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Figure 8 Summary of brachiopod classification schemes (data from Williams et al 1996; 2000 and Carlson 2001) showing current classification 
on the left and others in chronological order
 141 
 
19
th
 century brachiopod classification 
A number of schemes classifying brachiopods based on valve articulation were established in the mid to 
late 19th Century (Carlson 2001, p.1110); the Inarticulata and Articulata were identified as two classes 
within the phylum (Huxley 1869) on biological evidence building on the work of, among others, Owen 
(1858). The Beecher-Schuchert classification of the 1890s was based mainly on neontological evidence, 
in particular the nature of the pedicle opening but taking account of other characters such as valve 
articulation, shell growth, lophophore characteristics and the form of the protegulum (Beecher 1891). 
This classification rejected the Inarticulata and Articulata and identified two orders for inarticulate 
brachiopods, namely the Atremata, for forms where the pedicle emerged freely between the valves and 
the Neotremata for forms where the pedicle was restricted to the ventral valve. Two further orders were 
identified for articulated brachiopods (the Protremata and Telotremata). Further work in that decade 
supported and refined the classification (Beecher 1892, Schuchert 1893; 1897). 
Some 19th century classifications were more akin to modern schemes based on morphological and 
anatomical changes, using features such as shell structure and lophophore (Gray 1848) or the pedicle for 
inarticulates and lophophore support for articulates (Waagen 1882; 1885). Meanwhile other proposals in 
this era took aspects of existing classifications in devising new schemes; an example of such a complex 
classification maintained the Inarticulata and Articulata of Huxley and adopted some of Beecher’s orders 
along with some orders from Waagen (Hall and Clark 1892; 1894). 
A number of palaeontological monographs were published in the late 19th century detailing the 
Palaeozoic brachiopods of various parts of the world, the taxa identified in these monographs being based 
on skeletal fossil material and therefore on a more limited range of characters. These palaeontological 
works adopted a number of classification schemes which were not necessarily consistent with the 
neontological classifications (Carlson 2001, p.1110); indeed some of these monographs were essentially 
catalogues of specimens and did not include formal classification schemes, e.g. Davidson in his 
monograph of the 1870s loosely assigned brachiopods to 28 suprageneric groupings (Williams et al. 
2000).  
Early to Mid 20
th
 century 
In the 1920’s the Beecher-Schuchert classification came under scrutiny following the realisation that 
aspects of living brachiopod embryology were inconsistent with their assumptions around ontogeny. 
Although a revised classification was not produced on the back of this work, two classes of brachiopod 
which were more or less synonymous with the Inarticulata and Articulata were identified (Williams et al. 
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2000, p.3), the definitions of Beecher’s orders amended and a new order, the Palaeotremata, was added 
(Thomson 1927).  
Increasingly palaeontologists with geological training, who were less aware of ontogeny and other 
biological aspects, were reviewing brachiopods and the focus of classification shifted to the characters 
identifiable in fossil material.  Whilst these workers realised the importance of the stratigraphic record in 
identifying evolutionary trends, the geological evidence led to some confusion around the evolution of 
brachiopod characters including the view that homoplasy/homeomorphy was very common in 
brachiopods (Carlson 2001).  
In the mid-20th century the importance of using a range of characters to classify brachiopods into groups 
rather than use single key characters became clear. A “bottom up” approach to developing a classification 
based on evidence provided by systematic palaeontologists was proposed (Williams 1956), using the 
genus as the most appropriate basic unit.  Using morphological comparisons to build up higher levels of 
classifications led to the development of the two brachiopod ‘treatise’ publications of the 1960s; the 
“Russian treatise” (Sarytcheva 1960) and the brachiopod volumes of the Treatise on Invertebrate 
Paleontology (Williams and Rowell 1965) on which the classification of the brachiopods was based for 
the remainder of the 20th century. In the “Russian Treatise” (Sarytcheva 1960) six orders for inarticulate 
brachiopods and eight orders for articulated stocks, six of which were consistent with Williams (1956), 
were introduced. Key aspects of the Williams and Rowell (1965) classification included the rejection of 
the Beecher classification, the use of the two classes Inarticulata and Articulata, amendment of a number 
of the orders identified by Sarytcheva (1960), and use of taxonomic levels between class and superfamily 
based on shell structure in living brachiopods, and applied to fossil material (Carlson 2001, p. 1112).  In 
all, the classification in the original brachiopod volumes of the western treatise defined ten orders, 20 
sub-orders, 48 superfamilies, 202 families, 232 subfamilies and approximately 1,700 genera (Williams et 
al. 2000, p.4).   
One of the key debates around this time surrounded the classification of the calcitic-shelled craniids 
which, whilst consistently treated as part of the Inarticulata in the two treatises, were considered similar 
to acrotretids (Williams and Rowell 1965) or as a separate order (Sarytcheva 1960), whilst phylogenetic 
analysis of living brachiopods suggested that the craniids are more closely related to articulated stocks 
(Hennig 1966).  
Late 20
th
 century 
In the late 20th Century the use of more modern techniques, in particular phylogenetic analysis 
(cladistics), led to further revision of the classification of the Brachiopoda, much of which was generated 
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in response to plans to revise the brachiopod volume of the Treatise in the 1990s. Although early 
phylogenetic analysis of living and extinct groups of brachiopods concluded that inarticulate phosphatic 
groups formed a separate class of lophophorates (the Lingulata) outside the calcite-shelled brachiopod 
clade (Gorjansky and Popov 1985, 1986), this proposal was soon abandoned as the monophyletic nature 
of the Brachiopoda was confirmed by further detailed analysis (Nielsen 1991, Carlson 1991; 1995). The 
classes Inarticulata and Articulata were not supported by further phylogenetic analysis in the 1990s and 
two new classes based mainly on shell chemistry, the Lingulata and Calciata, with the Craniiformea as a 
sub-class of the Calciata, were proposed (Popov et al. 1993, Holmer et al. 1995). 
A much more detailed cladistic analysis of a range of characters from living and fossil (Cambrian-
Ordovician) brachiopods, along with a comparison of the two sets of results in order to take account of 
modern knowledge of anatomy, morphology, ontogeny and phylogeny was undertaken later in the decade 
(Williams et al. 1996; 2000). The reconciliation of Recent and Cambro-Ordovician data produced a 
cladogram which showed the living phosphatic lingulids, including the extinct Paterinids, as a sister clade 
to all other living brachiopods including the calcitic Craniids, which were placed into a separate sub-
phylum as a result of uncertainties around their phylogenetic position (Williams et al. 1996). Following 
on from this analysis an enhanced phylogenetic classification was developed with three sub-phyla based 
on identifiable synapomorphies (Williams et al. 1996; 2000) replacing the Inarticulata and Articulata of 
Williams and Rowell (1965). This revised classification, including stratigraphic ranges of each class, is 
shown in Fig. 9, and formed the basis of the revised Brachiopod volumes of the Treatise (Kaesler 1997, 
2000; Selden 2007). 
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Figure 9  Supra-ordinal classification of the Brachiopoda  
(superimposed on a geological chart with the faint lines representing systemic boundaries proportionately 
spaced on a vertical radiometric time scale of 545 Ma and showing the chronostratigraphic ranges of the 
principal taxa within three subphyla (defined by broken-line boxes) composed of eight classes (solid-line 
boxes) labelled, from left to right, Li (Lingulata), Pa (Paterinata), Cr (Craniata), Ch (Chileata), Ob 
(Obolellata), Ku (Kutorginata), St (Strophomenata) and Rh (Rhynchonellata). (Reproduced with 
permission from Williams et al. 1996) 
 
Williams et al. (1996, 2000) classified the Brachiopoda into three sub-phyla (Fig. 9), each named after a 
living representative: 
 Linguliformea - characterised by inarticulated, organophosphatic shells, a stratiform secondary 
layer and planktotrophic larvae. Consists of two classes, the Lingulata and Paterinata, with 
modern representatives being the lingulids and discinids 
 Craniiformea – inarticulated, organocarbonate shells with laminar secondary layer and absence of 
pedicle. Living representatives are the craniids. 
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 Rhynchonelliformea – mainly articulated, organocarbonate shells with a fibrous secondary layer, 
pedicle and diductor muscle systems to open valves. Represented by five classes. 
This classification takes account of the phylogenetic position of the Craniiformea which share similar 
numbers of characters with both of the other groups. Further details of the key characters used by 
Williams et al. (1996, 2000) to identify each of these sub-phyla are set out in Table 61: 
Character Linguliformea Craniiformea Rhynchonelliformea 
No. of Genera  244 39 4200+ 
Stratigraphic range Lower Cambrian 
(Tommotian) – Recent 
Lower Cambrian 
(?Botomian) – Recent 
Lower Cambrian 
(Atdabanian) – Recent  
Shared features:    
Shell mineralogy Organophosphatic Calcitic Calcitic 
Articulation Absent Absent Present1  
Mantle development Does not reverse Does not reverse Reverses 
Mantle epithelium Divided Divided Continuous 
Mantle canals contain 
gonads 
No (in body cavity) Yes Yes 
Larval shell Present  Absent Absent 
Larval type Planktotrophic Lecithotrophic Lecithotrophic 
Anal opening Present Present Absent 
Lophophore median 
tentacle 
Present, then lost Present, then lost Absent 
Lophophore tentacle rows 
double 
Throughout ontogeny Post-trocolophe only Post-trocolophe only 
Unique features:    
Shell structure Stratiform Laminar (tabular) Fibrous (laminar) 
Pedicle Origin From ventral mantle Absent From larval rudiment 
Pedicle location Between valves, supra-
apical 
- Occupies delthyrial area 
Pedicle core Coelomate - Connective tissue 
Muscles 3-4prs, obliques, 
anterior/posterior 
adductors 
Internal obliques, paired 
laterals 
Adductors, diductors 
 
Table 61 Summary of key features of the three sub-phyla of Brachiopoda (after Carlson 2001) 
IMPACT OF MOLECULAR STUDIES ON BRACHIOPOD CLASSIFICATION 
The early 21st Century saw new areas of research, in particular molecular aspects of brachiopod 
evolution and phylogeny with molecular phylogenies largely supporting the morphological classification 
 
1 This is not always strictly the case – articulates are a clade within this group but there are some 
inarticulated stem groups (e.g. Chileata) 
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of higher level brachiopod taxa.  However,  there are areas of dispute, in particular around the 
phylogenetic placement of the Craniiformea and the consequent monophyly of the “inarticulate” 
brachiopods (Linguliformea + Craniiformea), and the relationship between the Brachiopoda and 
Phoronida with some authors suggesting that the two form a monophyletic clade and others considering 
the Phoronida to be a sister group to a monophyletic Brachiopoda.  
 
Molecular analysis of nuclear encoded rDNAs,  rooted with molluscan outgroups,  provided consistent, 
albeit weak, support for a monophyletic clade incorporating the Brachiopoda and Phoronida, with the 
phoronids as a sister group to the “inarticulate” brachiopods  (Halanych et al. 1995; Cohen & Gawthrop, 
1996; 1997; Cohen, et al., 1998; Cohen 2001). Further recent detailed analysis of a single gene, using 
molecular analysis as opposed to molluscan outgroups to root the trees, concluded that, insofar as rDNA 
evolution is concerned, the Phoronida and Brachiopoda are monophyletic (Cohen 2013), confirming the 
earlier results of the same research group (Cohen et al. 1998, Cohen 2000, Cohen & Weydmann 2005).   
A strong counter argument has been put forward based on combined analysis of traditional molecular 
methods and analysis of brachiopod microRNAs (Sperling et al. 2011). Their work provides support for 
the traditional phylogeny, albeit in one of their analyses that the level of support is relatively weak. They 
conlude however that their overall findings of a number of analyses, along with evidence from 
morphological  and other molecular analysis, provide strong evidence which suggests that brachiopods 
are indeed monophyletic with phoronids forming a sister group.   
 
The proposed monophyly led to proposed reclassifications of brachiopods and phoronids, none of which 
have gained widespread acceptance. Two suggestions for new phyla were put forward, the Phoronozoa  
(Zrvavy et al. 1998) and the Brachiozoa (Cavalier-Smith 1998). The Phoroniformea, a new sub-phylum, 
was proposed to incorporate the shelled Brachiopoda and tubiculous phoronids, whilst attempting to 
retain the existing classification set out in the revised Treatise (Cohen 2000). This latter proposal was 
further refined such that the Brachiopoda is comprised of two subphyla Linguliformea (incorporating a 
new class, the Phoronata) and Rhynchonelliformea, with the Craniiformea reduced to a class (Craniata) 
within the Linguliformea (Cohen & Weydmann 2005), a view supported by Santagata and Cohen (2009) 
who date the divergence of phoronids and brachiopods as probably early Cambrian. Meanwhile, Sperling 
et al.  (2011) conclude that the “inarticulate” brachiopods (Linguliformea plus Craniiformea) represent a 
monophyletic clade within a monophyletic Brachiopoda, although conceding that there is uncertainty 
surrounding the phylogenetic placement of the craniids which are consideredto be unstable in their 
analysis. The inclusion of Craniids within the Linguliformea suggests that calcite shells evolved twice in 
brachiopod lineages, a view supported by Balthasar (2008), Balthasar et al. (2009) and Skovsted  et al. 
(2009)  but disputed by Sperling et al. (2011) as no other metazoan groups demonstrate such wholesale 
changes in mineralisation.   
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Molecular analysis by Sperling et al. (2011) suggests that the Brachiopoda and Phornida diverged in the 
Ediacaran at around 578Ma and that the divergence between lingulids and the rhynchonelliforms 
occurred in the very latest Precambrian at around 547Ma; this evidence suggest that early brachiopod 
fossil record is robust and reflects the early history of the group as opposed to being a taphonomic 
artefact of the Cambrian explosion. Meanwhile, numerous authors have noted that molluscs are the 
closest sister taxon of the proposed brachiopod/phoronid clade and it has been suggested that molluscs 
and brachiopods diverged in the late Proterozoic, around 100Myr before the Cambrian explosion as 
identified in the fossil record (Levinton et al. 2004; Cohen & Weydmann 2005).   
Although a clearer picture of early brachiopod history is emerging, further work is required to reach a 
conclusion on these, and other, key questions in the phylogenetic history of the brachiopods; molecular 
analysis of a wider range of taxa, the sequencing of the brachiopod genome and better integration of 
molecular, morphological and palaeontological data will assist in addressing these questions (Sperling et 
al. 2011). 
 
PHYLOGENY AND CLASSIFICATION OF LINGULATE BRACHIOPODS 
The Subphylum Linguliformea, as defined by Williams et al. (2000), consists of all organophosphatic 
shelled brachiopods, including the extant Class Lingulata, important characters including planktotrophic 
larvae and a pedicle which emerges either through a foramen or between the valves. There are, however, 
many unanswered questions and relationships within the Linguliformea, not least of which is how the 
Linguliformea and Craniiformea are related.  Fossil evidence indicates that all linguliform orders, except 
Siphonotretida, originated penecontemporaneously in the lower Cambrian; as a result, the polarity of 
character transformation is not clear (Holmer 2001).  
The origin of the pedicle attachment and whether the primitive state for Linguliformeans is a pedicle 
emerging between the valves, as in modern lingulids, is a key question of the subphylum which 
demonstrates some of the complexities in classification of the Brachiopoda. Similar foramina are known 
from a number of families which do not appear to form a clade and this type of foramen may be 
homologous and a plesiomorphic character which has been retained, albeit modified, in a number of 
groups. For example the paterinid Salanygolina has a large apical perforation which may be homologous 
with the apical perforations of certain rhynchonelliform brachiopods in the Chileata, Obolellata and 
Kutorginata (Holmer 2001). Salanygolina, may be closely related to the Chileata on the basis of the 
similarity of the apical perforation and associated colleplax, and it has been proposed that Salanygolina, 
Paterimitra and the chileids belong to the stem group of the Rhynchonelliformea as a result of ontogeny 
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and development of the colleplax (Holmer et al. 2009) and the nature of the larval shell (Holmer et al. 
2011).  
CLASS PATERINATA 
Although the Paterinata are classified within the Linguliformea on the basis of their organophosphatic 
shell, their morphology is poorly known (Holmer & Popov, 1996) and they are considered problematic, 
possibly even falling outside of crown-group Brachiopoda (Holmer 2001, fig. 2).  The earliest Paterinates 
are recorded from the early Tommotian of Siberia (Pelman, 1977) and they were extinct by the end of the 
Ordovician; their morphology and diversity is discussed in detail by Williams et al. (1998) and Laurie 
(2000).     
The paterinates are similar to the inarticulated rhynchonelliform Class Chileata in having fused mantle 
lobes and being attached by a ventral cuticular pad. They differ from linguliforms in a number of ways, 
including a shell structure which lacks the typical linguliform canal system (Williams & Cusack 1999) 
and the presence of orthid-like interareas, diductor muscles and rhynchonelliform mantle canals (Laurie 
1987; 2000, Williams et al. 1998, fig. 3).  Some of these characters may be plesiomorphic and retained 
from the stem group (Williams et al. 1998) whilst it has been suggested that the penetrative setae of 
Linguliformean brachiopods have been lost in the Paterinates (Holmer et al. 2008a); further, 
microstructural data suggests that organophosphatic shell secretion in tommotiids, considered to be the 
most likely stem-group for linguliform brachiopods, is similar to that in paterinids, both of which show 
polygonal structures permeating the whole sclerite; this has been interpreted as homologous (Balthasar 
2009b) and suggests that paterinids are potentially basal as this is a preserved stem group character. 
CLASS LINGULATA 
Originally established outside the Brachiopoda (Gorjansky & Popov 1985), the Class Lingulata has been  
recovered as a monophyletic group in all recent analyses within the Brachiopoda (Holmer 1989, 1991; 
Popov et al. 1993; Holmer et al. 1995 and Williams et al. 1996). Its key characters include complex 
musculature providing an hydraulic shell opening mechanism, and vertical canals within the shell 
structure. However, the phylogeny and classification of the Lingulata is problematic and, although the 
Siphonotretida and Acrotretida have been recovered as monophyletic orders (Holmer & Popov 1996; 
2000), the Lingulida have not yet been recovered as a monophyletic group (Holmer 2001, figs 1, 3). 
Although the Linguloidea and Discinoidea (excluding certain groups, such as the Lingulellotretidae) 
appear to form a monophyletic group within the Lingulida on the basis of their baculate shell structure 
(Holmer 1989), the recent discovery of columnar shell structures within the Linguloidea (Streng et al. 
2008) has created further uncertainty.   
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Order: Lingulida 
The earliest Lingulida are recorded form the late Atdabanian of Siberia (Pelman 1977). The order is 
characterised by well-developed pseudointerareas and well defined visceral areas in both valves (Holmer 
& Popov 1996), a shell structure typically showing baculate laminae (Holmer 1989), v-shaped grooves 
representing the pedicle nerve (Holmer, 1991) and six pairs of symmetrically arranged muscle scars 
(Popov 1992). The larval shell is smooth in most families with the exception of Zhanatellidae and 
Elkaniidae which have pitted ornamentation on both larval and post-larval shell and the Eoobolidae 
which have a pitted larval shell and granulose post-larval ornament (Holmer & Popov, 1996), although 
the validity of the family Eoobolidae has been questioned as the features characteristic of the family are 
more widely distributed than previously thought (Balthasar 2009). The order was expanded to include the 
Discinoidea and Acrotheloidea, which possess lingulid-like musculature and shell structure, but the 
relationships between the Linguloidea, Discinoidea and Acrotheloidea are unclear (Holmer & Popov 
1996, 2000), and their position within the order is not secure. 
Within the Lingulida, a monophyletic group of highly derived families that includes most forms 
demonstrated to have a burrowing mode of life (Pseudolingulidae, Lingulasmatidae and Lingulidae) has 
been identified (Holmer & Popov 1996, Cusack et al. 1999). The Lingulellotretidae are problematic in 
having a combination of lingulid (long fleshy pedicle and foramen) and acrotretid (columnar shell 
structure) characters; while the latter is lost in later-occurring members of the family, which show a non-
penetrative baculate structure, it does appear to be a primitive character of the family. The position of 
Lingulellotretidae is thus best considered unresolved; it may have evolved independently of other 
lingulids (Holmer et al. 2008a), and be more closely related to the Acrotretida. Paterulidae and 
Eoobolidae may also belong outside the Lingulida clade on the basis of shell structure (Cusack et al. 
1999, Balthasar 2009), while the position of other families such as the Zhanatellidae and Elkaniidae is 
currently uncertain.     
The Acrotheloidea (Botsfordiidae and Acrothelidae) is no longer considered to belong with the 
Acrotretoidea, as their pustulose postlarval ornament and larval shells with spines differ markedly from 
that superfamily as now understood. It has been suggested that acrotheloideans belong within Lingulida 
on the basis of their musculature (similar to that of obolids) and shell structure (baculate laminae), but the 
relationships have not been fully resolved (Holmer & Popov 1996, 2000). While some authors have 
considered Acrotheloidea to be derived in relation to the Linguloidea, their stratigraphic record 
(beginning also in the late Atdabanian) argues against this.  
Order: Acrotretida 
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The earliest acrotretids are known from the late Atdabanian and the order ranges up to the Devonian; 
Cambrian acrotretids were not taxonomically diverse, consisting of only two families albeit that 
Acrotretidae is a diverse, paraphyletic family, until a significant radiation in the late Cambrian to early 
Ordovician. Their diversity was again dramatically reduced from the late Ordovician. Acrotretids 
typically have a small larval shell which invariably has a pitted micro-ornamentation (Holmer & Popov 
1996) and there is an apical pedicle foramen which forms during or soon after the larval stage (Holmer 
1989). Acrotretids have distinctive, large cardinal muscles in both valves and the ventral valve typically 
has a muscle platform represented by a thickened apical process. Acrotretids invariably have a columnar 
shell structure which is also widespread in the Linguliformea and may prove to be a plesiomorphic 
character for brachiopods (Skovsted & Holmer 2000, Holmer 2001). The baculate secondary shell of 
Curticia (Streng & Holmer, 2005a) suggests that the position of the Curticiidae within the Acrotretida 
should be reviewed (Holmer et al. 2008a). The muscle system and ontogeny of acrotretids are probably 
derived with respect to the lingulids (Holmer 1989, Popov 1992, Holmer & Popov 2000), although the 
earliest acrotretids and lingulids are both known from the late Atdabanian (Pelman, 1977). 
Although the monophyly of the Acrotretida has been recovered (Holmer & Popov 1996; 2000) the 
relationships within the Acrotretida have not been satisfactorily resolved to date; the Family Acrotretidae 
is probably paraphyletic, with other monophyletic families being derived from within it (Holmer & 
Popov 2000; Streng 1999).  
Order: Siphonotretida 
Siphonotretids, which range from the late Middle Cambrian to the Late Ordovician (and possibly up into 
the Devonian according to Mergl, 2001), are characterised by having hollow spines, a lack of pitted 
ornamentation in the larval shell and an enclosed pedicle foramen which typically extends anteriorly 
through resorption (Holmer & Popov, 1996). The internal morphology is poorly known, although they 
appear similar to other linguliforms. The shell structure, though poorly known, appears to consist of 
micro-granular apatite (Popov & Novak, 1986).  
Although it has been proposed that the siphonotretids form a monophyletic group with the Dysoristidae 
(Holmer & Popov 1996), this has not been confirmed by later work which suggests that the two are not 
closely related and that Dysoristidae form part of the linguloid-discinoid clade, although the exact 
relationships are not clear (Cusack et al. 1999, Holmer & Popov 2000). A resolution of the position of the 
Siphonotretida will require study to clarify similarities to the stratiform shell structure which is similar to 
paterinates (Williams et al. 2004) and structures which may be homologous with penetrative setal 
columns found in some paterinates and stem group brachiopods (Holmer et al. 2008a). 
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6 CLADISTIC ANALYSIS OF ACROTRETOID BRACHIOPODS 
INTRODUCTION 
The acrotretoids (Superfamily Acrotretoidea) are an extinct group of phosphatic (linguliform) 
brachiopods which ranged from the lower Cambrian to Devonian. The Acrotretoidea is comprised of 
eight families, the most diverse of which is the Acrotretidae with 55 genera from a total of 99 recorded 
acrotretoid genera. The stratigraphic ranges and number of genera of each of these families is 
summarised in Table 62. 
Family No. Genera Age range 
Acrotretidae 55 Lower Cambrian – Silurian 
Curticiidae 1 Middle – Upper Cambrian 
Torynelasmatidae 9 Ordovician (Arenig) – Silurian 
Eoconulidae 3 Ordovician (Arenig – Ashgill) 
Ceratretidae 8 Lower – Upper Cambrian 
Ephippelasmatidae 12 Upper Cambrian – Ordovician  
Scaphelasmatidae 6 Middle Cambrian - Upper Silurian 
Biernatidae 5 Lower Ordovician – Middle Devonian 
 
Table 62 Summary of acrotretoid families 
Whilst acrotretoids were never a dominant component of marine faunas, they did play an important part 
of the early history of the brachiopods, particularly in the Cambrian and Ordovician. Their early 
distribution and radiation has been considered by, among others, Holmer & Popov (1996) and 
Ushatinskaya (2010). The earliest phosphatic brachiopods, the Paterinids, appeared in the ‘Tommotian’ 
(Terreneuvian Series, Fortunian stage) whilst the acrotretoids appeared with the Lingulida, in the 
‘Atdabanian’ (Terreneuvian Series, Cambrian Stage 2) and were the most diverse of the brachiopod 
families in the ‘middle’ and ‘upper’ Cambrian, where they were represented primarily by the 
Acrotretidae and Ceratretidae. Acrotretoid diversity increased further in the late Cambrian to early 
Ordovician with the appearance of more families before reducing dramatically in the later Ordovician and 
Silurian (Holmer & Popov 1996). 
Three cladistic analyses of the Acrotretoidea (Holmer & Popov 1996, 2000, Streng 1999) have been 
published prior to the current work. Whilst these studies confirmed the monophyly of the superfamily, 
they reached little consensus as to its internal phylogeny. Holmer & Popov (2000) and Streng (1999) both 
resolved the Acrotretidae as paraphyletic, forming a basal group from which other acrotretoid families 
were derived; Streng (1999) also identified a monophyletic Ceratretidae. Beyond this, little resolution has 
been achieved; this may reflect the relatively low number of genera sampled (25 in Holmer & Popov 
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1996, 33 in Holmer & Popov 2000, and 19 in Streng 1999) and the relatively small number of characters 
coded (40, 41 and 9 respectively).  
AIMS OF THIS STUDY 
This is the first full cladistic analysis of the Acrotretoidea, incorporating all known genera (as of 2013) 
and more morphological characters than previous studies. It aims to elucidate the evolutionary 
relationships between acrotretoid brachiopods, to confirm whether or not the family Acrotretidae is 
indeed a paraphyletic group which gave rise to other acrotretoid families, and to determine monophyly 
for other families within the Acrotretoidea. 
METHODOLOGY 
A database of 66 characters (Appendix 3) was compiled for a total of 99 ingroup taxa; these include all 
acrotretoid genera listed in Part H of the Treatise on Invertebrate Palaeontology (Kaesler 1997; Selden 
2007), in addition to four published since the Treatise, namely Sadracarta, Lensotreta, Tapuritreta and 
the ephippelasmatid Ghavidelia (Popov et al. 2008; 2009 and Streng & Holmer 2006). Five outgroup 
taxa from other lingulate brachiopod orders were also coded (Appendix 4). Thirteen characters (2, 8, 10, 
15, 19, 22, 25, 38, 39, 40, 41, 45, 65) are ordered; all other characters are unordered. 
The dataset was analysed using both equal-weights and implied-weights (Goloboff, 1993) methodologies. 
The latter provides a means determining the most parsimonious tree-topology for a dataset by 
downweighting highly homoplastic characters without the need for arbitrary a-priori weighting decisions, 
or a-posteriori weighting approaches that suffer from logical circularity; see Goloboff et al. (1993, 2008) 
and Legg et al. (2013) for a more complete discussion of the rationale behind the selection of this 
methodology. Analysis was undertaken using TNT software (Goloboff et al. 2008) using the ‘New 
Technology Search’ function with the default settings other than the “Find Minimum Length” set at 15 
times and “Initial Additional Sequences” set at 500. The analysis was run five times, based on prior 
weights only (i.e. unweighted) and using implied weighting (IW) settings of 2, 3, 5,7 and 10. Strict 
consensus trees were produced for each of these analyses. Analysis was also run at higher implied 
weightings of 15, 20 and 25 to identify whether there was any significant impact on the topology of the 
trees; as there was no significant change in topology at higher implied weights the detailed analysis was 
restricted to IW2, 3, 5, 7 and 10. 
A number of indices of the stratigraphic congruence between phylogeny and stratigraphy of each of 
individual trees produced have been calculating using the package Strap (Bell & Lloyd 2015). The most 
common measures of congruence are the Stratigraphic Consistency Index (SCI; Huelsenbeck 1994), 
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which measures the proportion of nodes with a sister node that is the same age or older (i.e. 
stratigraphically consistent), the Relative Completeness Index (RCI; Benton 1994) which measures the 
completeness of the fossil record and the Gap Excess Ratio (GER; Wills 1999) which measures the 
relative amount of ghost range. Higher values for the each of these indices indicates a better implied fit of 
the tree with the stratigraphic record. In addition to these commonly used indices the Minimum Implied 
Gap (MIG; Wills 1999) represents the total ghost range implied by the stratigraphic ranges on the tree; 
unlike the other indices, the lower the value of MIG the more congruent the tree. A review of the features 
of the main stratigraphic congruence indices is provided by Wills (1999). 
First and last appearance dates of taxa at the stratigraphic stage level were taken from Holmer & Popov 
(2000, 2007) and other publications from which taxonomic descriptions of the taxa were taken to identify 
the characters used in the cladistics analysis and the dates of the stages computed by reference to 
Gradstein et al. (2004) and the ICS international stratigraphic chart. The ages for each stratigraphic stage 
level are shown in Appendix 5.  
RESULTS  
Consensus trees  
Trees with all acrotretid taxa 
Strict consensus trees have been obtained using the default settings within TNT and the results of the 
analysis using all 99 acrotretoid taxa are set out in Table 63 and all consensus trees are set out in 
Appendix 6. 
Type of search Min Length/score No Trees  
Unweighted 621 32 
Implied weighting 2 (IW2) 43.20523 1 
Implied weighting 3 (IW3) 38.76346 10 
Implied weighting 5 (IW5) 32.60773 6 
Implied weighting 10 (IW10) 23.91443 5 
 
Table 63 Summary of results of TNT analysis for all taxa 
The position of the Eoconulidae, which are difficult to characterise and are likely secondarily modified to 
support a cemented mode of life, proved highly mobile in the initial analysis. In the unweighted tree the 
relationship of the Eoconulidae is not resolved and for the implied weights analysis the location of the 
members of the family varied significantly; for IW2 the family is nested within the Biernatidae clade; in 
IW 3 it is not recovered as a clade and the members of the family represent the three most basal taxa in 
the tree; in IW 5 the members of the family are basal to the tree and closely related to the Biernatidae and 
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for IW 10 they appear related to the recently described Sadracarta within the Acrotretidae. The family 
only contains three genera ranging from the Arenig-Ashgill in the Ordovician, and the typically basal 
position generated here is stratigraphically incongruent. As a result of the level of mobility and lack of 
stratigraphic congruence, the Eoconulidae have been excluded and the analysis re-performed.  
Trees excluding Eoconulidae 
The cladistic analysis was re-performed excluding the Eoconulidae using the remaining 96 acrotretoid 
genera and strict consensus trees produced using the default settings in TNT; in this analysis an additional 
IW of 7 was incorporated to further enhance the analysis of the results available. The results of this 
analysis are set out in Table 64, the recovery of family relationships in each consensus tree is summarised 
in Table 65 and consensus trees are set out in Appendix 7.  
Type of search Min Length/score No Trees  
Unweighted  602 30 
Implied weighting 2 (IW2) 42.17738 8 
Implied weighting 3 (IW3) 37.79768 4 
Implied weighting 5 (IW5) 31.70708 22 
Implied weighting 7 (IW7) 27.57901 25 
Implied weighting 10 (IW10) 23.23152 12 
 
Table 64 Summary of results of TNT analysis excluding the Eoconulidae 
The unweighted consensus tree is highly unresolved and few relationships can be identified within the 
Acrotretidae, which is however clearly paraphyletic. The Torynelasmatidae and Biernatidae are 
recovered as clades. The Ephippelasmatidae is paraphyletic, as it includes Tingitanella (Acrotretidae). 
The Scaphelasmatidae and Ceratretidae are recovered as sister clades; the combined clade is referred to 
herein as the Scaphelasmatidae-Ceratretidae clade. Although resolution of relationships within each of 
these families is limited, even without the use of implied weights the results generated herein are 
considerably better resolved than previous studies. 
The Acrotretidae is also paraphyletic in all weighted consensus trees, although individual relationships 
within the family vary. Despite these variable relationships a number of small groupings within the 
family are consistently recovered, especially in the consensus trees for IW5, IW7 and IW10. Eurytreta, 
Apsotreta, Odontotreta, Linnarssonella, Stilpnotreta, Neotreta, Rhondellina, Lensotreta, Picnotreta and 
Opisthotreta are closely related in all trees and form a clade in IW7 and IW10. Linnarssonia, Kostjubella 
and Hadrotreta form a clade in all weighted trees and are also closely related to Acrothyra with which 
they form a clade in IW7 and IW10. Galinella and Ditreta are always closely related, as are Dactylotreta 
and Ombergia, with which they form a clade in IW7 and IW10. Eschetelasma, Treptotreta and 
Tapuritreta form a clade in IW5, 7 and 10, and are closely related in IW2 and IW3. Semitreta and 
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Hansotreta are closely related in all consensus trees, as are Kotylotreta & Anabolotreta. A further group 
of genera (Acrotreta, Cyrtonotreta, Fascioma, Spondylotreta, Conotreta, Angulotreta), while never 
forming a clade, are closely related to each other and to the Torynelasmatidae in consensus trees IW5, 7 
and 10.. 
The Curticiidae represent a sister taxon to the acrotretoids in IW5, IW7 and IW10 as well as the 
unweighted tree, being basal on all trees; in each case the most closely related acrotretoids are the middle 
Cambrian Aphelotreta and Canthylotreta. 
The Torynelasmatidae is recovered as a clade in IW7 and IW10; this clade falls inside a broader clade 
that also includes the acrotretids Satpakella and Tasbulakia basally. In IW2, IW3 and IW5 the family is a 
paraphyletic grade which also incorporates the acrotretid Satpakella and, in IW2 only, the 
Ephippelasmatid Veliseptum. 
The Ephippelasmatidae is near monophyletic in all weighted analyses. In IW2 an ephippelasmatid clade 
excluding Lurgiticoma occurs (this genus groups with the Torynelasmatidae), while in other weighted 
trees an ephippelasmatid clade (with Lurgiticoma) is recovered that also incorporates the Acrotretid 
Tingitanella in a derived position near Ghavidelia. In IW5, IW7 and IW10 the family is closely related to 
the Acrotretid genera Quadrisonia, Olentotreta, Talassotreta and Sadracarta with which they form a 
complete branch of the tree. 
The Biernatidae is a clade in all weighted trees. This clade is relatively derived in IW5, IW7 and IW10, 
but basal in IW2 and IW3. Relationships between the Biernatidae and genera within the Acrotretidae are 
not consistent between analyses, although the genera Araktina (IW5, IW7, IW10), and Aktassia, 
Amictocracens (IW7, IW10) are closely related in multiple analyses.  
The Ceratretidae is monophyletic in all weighted trees. The Scaphelasmatidae-Ceratretidae clade is 
recovered in all weighted trees, in a highly derived position except in IW5. Within this clade a basal 
polytomy occurs in all weighted analyses between the Scaphelasmatid Eoscaphelasma, Ceratretidae, and 
the remainder of Scaphelasmatidae, which is hence not demonstrably monophyletic as conventionally 
conceived. The Scaphelasmatidae-Ceratretidae clade is closely related to the acrotretids Eohadrotreta and 
Aphelotreta in all weighted trees, with the acrotretids Kotylotreta and Anabolotreta as positioned more 
basally within a broader clade.  
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Family UW IW2 IW3 IW5 IW7 IW10 
Torynelasmatidae monophyletic       
Torynelasmatidae paraphyletic 
(incorporating Satpakella) 
      
Torynelasmatidae closely 
related to Satpakella and 
Tasbulakia 
      
Biernatidae monophyletic       
Ephippelasmatidae 
paraphyletic(incorporating 
Tingitanella) 
      
Scaphelasmatidae monophyletic       
Scaphelasmatidae excluding 
Eoscaphelasma monophyletic 
      
Ceratretidae monophyletic       
Scaphelasmatidae-Ceratretidae 
clade 
      
Scaphelasmatidae-Ceratretidae 
clade closely related to 
Eohadrotreta and Aphelotreta 
      
Scaphelasmatidae-Ceratretidae 
clade also including 
Kotylotreta, Anabolotreta 
Eohadrotreta, Aphelotreta 
      
 
 Table 65 Family relationships recovered in cladistic analysis of acrotretoid brachiopods  
Stratigraphic congruence  
Stratigraphic congruence analysis has been carried out against a series of measures of congruence on all 
trees arising from cladistic analysis excluding the Eoconulidae. The most stratigraphically congruent 
individual trees for each analysis are summarised in Table 66. 
 
SCI RCI GER MIG 
UW 0.500 12.444 0.548 1372 
IW2 0.542 6.573 0.515 1464 
IW3 0.448 -5.871 0.445 1659 
IW5 0.500 5.743 0.510 1477 
IW7 0.521 19.592 0.588 1260 
IW10 0.521 19.655 0.588 1259 
 
Table 66 Results of stratigraphic congruence analysis for the most congruent individual trees in 
each analysis  
Using SCI alone the most congruent tree is from IW2, closely followed by those from IW7 and IW10. 
However when other measures (RCI, GER and MIG) are incorporated the individual IW7 and IW10 trees 
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are more stratigraphically congruent than other trees as they demonstrate the highest values for RCI and 
GER and the lowest MIG values, with IW10 being marginally more congruent than IW7. 
The mean for each measure of congruence of all trees in each analysis is shown in Table 67. These also 
indicate that, whilst IW2 has the highest average for SCI, IW7 and IW10 are the most stratigraphically 
congruent when also taking into account the average values for RCI, GER and MIG, with IW10 being the 
most stratigraphically congruent in all cases. 
 
SCI RCI GER MIG 
UW 0.465 5.935 0.511 1474 
IW2 0.504 -1.404 0.470 1589 
IW3 0.419 -9.349 0.425 1713 
IW5 0.466 3.330 0.496 1514 
IW7 0.492 15.497 0.565 1324 
IW10 0.494 16.699 0.572 1305 
 
Table 67 Average of each measure of stratigraphic congruence for each analysis  
DISCUSSION 
Stratigraphic congruence 
Although the single most congruent tree using the SCI is from the IW2 analysis, it is clear from the use of 
other measures of congruence for the most congruent individual trees in each analysis (Table 66) and the 
averages for all individual trees in each analysis (Table 67), that the majority of the most congruent 
individual trees are from the IW7 and IW10 analysis, with these two analyses showing the highest values 
for RCI and GER as well as the lowest values for the MIG index. Further, when all 101 consensus trees 
are ordered by congruence measure 16 of the top 20 trees under SCI are from IW7 and IW10 and all of 
the top 20 trees using RCI, GER and MIG are from IW7 and IW10. As IW10 is marginally more 
congruent using all measures than IW7, the results of this analysis are selected as the most parsimonious 
phylogenetic model available, and are presented in Fig. 10.  
Phylogeny of the acrotretoid brachiopods  
The Eoconulidae has not been recovered consistently in this analysis and, whilst this analysis casts doubt 
on their monophyly, owing to the lack of characters there is insufficient data to reach a conclusion on the 
validity of the family; it is likely that the members of the family may be reassigned to the paraphyletic 
group of acrotretoid taxa forming the Acrotretidae.  
The family Curticiidae, comprised only of early middle Cambrian Curticia, consistently represents a 
sister taxon to the Acrotretoidea and is typically basal in trees. The classification and systematic position 
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of the family has been problematic since its inception as it shares characters with several organo-
phosphatic brachiopod superfamilies. The present analysis supports the contention of Streng & Holmer 
(2005) that the Curticiidae does not belong within the superfamily Acrotretoidea and that, based on shell 
structure and the nature of the pseudointerarea, it could be closely related to the Acrotheloidea. 
The Acrotretidae is not recovered as a clade in the current analysis, the results of which support the 
contention (Holmer & Popov 1996; 2000) that it is a paraphyletic group from which other acrotretoid 
families are derived. All other acrotretoid families have been recovered either as monophyletic groups or 
paraphyletic groups sparsely incorporating additional genera that have been previously assigned to the 
Acrotretidae. 
The subfamily Linnarssoniinae proposed by Rowell (1965) is partially supported by the new analyses, 
which group Linnarssonia, Acrothyra, Kostjubella and Hadrotreta (Table 68) instead of Linnarssonia, 
Acrothyra and Opisthotreta. The Neotretinae was erected to recognise the evolutionary relationship of the 
genera Neotreta and Rhondellina, which Robson (2005) and Robson & Pratt (2007) considered to be 
more closely related to each other than to any other Acrotretid genera. The analyses herein do recover a 
close relationship between these genera, but they are also consistently associated with Stilpnotreta, 
Opisthotreta and Picnotreta. In IW5, IW7 and IW10 a clade including these taxa and others occurs (see 
table 68); the erection of an extended subfamily Neotretinae to incorporate this grouping may be 
appropriate. Further detailed analysis, review of type material and comparison of the taxa is however 
needed to confirm the validity of these suggested taxonomic revisions; such analysis is outside of the 
scope of this study. 
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Figure 10 Summary of family relationships in consensus tree IW10  
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A close relationship between Dactylotreta and Ombergia, with the main difference being the long 
external pedicle tube in the latter, was proposed by Holmer et al. (2000). This is supported by the present 
analysis, these two taxa being closely related in all consensus trees. Their position within the Acrotretidae 
is not consistent between analyses, although they form a clade with Galinella and Ditreta in the most 
congruent consensus trees. 
 UW IW2 IW3 IW5 IW7 IW10 
Subfamily “Neotretinae”       
Neotreta       
Rhondellina       
Stilpnotreta        
Opisthotreta       
Picnotreta       
Eurytreta       
Apsotreta       
Odontotreta       
Linnarssonella       
Lensotreta       
Mixotreta       
Longipegma       
       
Subfamily “Linnarssoniinae”       
Linnarssonia       
Acrothyra       
Kostjubella       
Hadrotreta       
 
Table 68 Recovery of putative modified subfamilies Neotretinae and Linnarssoniinae within 
analyses 
Although the diagnoses of the Scaphelasmatidae and Ceratretidae (Holmer & Popov 2000) would not 
indicate that the two families are closely related, they are consistently recovered together as a wider 
Scaphelasmatidae-Ceratretidae clade, closely related to the Acrotretids Eohadrotreta and Anelotreta; this 
clade is, in all weighted analyses, nested within a clade that contains Kotylotreta, Anabolotreta, 
Eohadrotreta and Anelotreta, all members of the Acrotretidae, and which are in turn consistently 
recovered in the same branching order. These four genera are known from the middle Cambrian, while 
Ceratretidae range from the late lower to upper Cambrian and Scaphelasmatidae is known only from the 
middle Cambrian of Sweden. Stratigraphic data are thus compatible with this grouping. Holmer et al. 
(2001) placed Kotylotreta within the Scaphelasmatidae, although it is included within Acrotretidae in the 
Treatise (Holmer & Popov 2000); Kotylotreta is consistently recovered herein as the most basal member 
of the clade that includes the Scaphelasmatidae-Ceratretidae clade, and hence equally related to both 
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Scaphelasmatidae and Ceratretidae. It is hence suggested that its position in the Scaphelasmatidae is not 
tenable. Phylogenetic topologies within the Ceratretidae remain largely unresolved; the current analyses 
hence find no support for the subdivision of the Ceratretidae into two subfamilies proposed by Streng 
(1999), although data are insufficient for a rejection of this scheme. 
The Biernatidae is monophyletic in all analyses. Its basal position in IW2 and IW5 consensus trees is 
stratigraphically incongruous (biernatids are not known prior to the Ordovician), but in the higher 
weighted trees (IW7, IW10) the clade occupies a more plausible derived position, closely related to the 
Acrotretid Aktassia which is known from the Ordovician of Kazakhstan and Sweden, where the family is 
well represented. An interpretation of Aktassia as the sister-taxon to the Biernatids is thus suggested. 
Results suggest that the Torynelasmatidae is likely to be monophyletic, although they are equivocal. The 
family is closely related to Satpakella and Tasbulakia, and in some analyses incorporates the former; the 
relationship between these genera and the Torynelasmatidae ought to be further investigated which is 
outside the scope of this study. Satpakella and Tasbulakia were originally described from the upper 
Cambrian and Ordovician of Kazakhstan respectively, an area in which the Torynelasmatidae, which 
range from the Ordovician (Arenig), is well represented; the age and geographical distribution of these 
taxa support a potential relationship.  
Analyses strongly imply that the Ephippelasmatidae is a near-monophyletic group, the genera 
Lurgiticoma and Tingitanella causing the only doubts. Lurgiticoma has been considered an 
ephippelasmatid by all previous authors (e.g. X), but is recovered outside the family in some analyses 
herein. Tingitanella has previously been considered to belong within the Acrotretidae, but here frequently 
occurs within the Ephippelasmatidae. Further analysis and review of type material of these genera is 
required to determine their affinities; such review is outside the scope of the present study. The 
ephippelasmatids first occur in the upper Cambrian, but are typically quite derived in results presented 
here; if accepted at face value this position suggests rapid evolution of the Acrotretoidea in the middle to 
upper Cambrian. Further, Tingitanella is known only from the middle Cambrian; and its early occurrence 
would be extend the range of the family if it were included. 
CONCLUSIONS 
This is the most detailed cladistic analysis undertaken of the Acrotretoidea, and results are closer to those 
predicted by conventional systematics than have previously been attained. The results support the 
previously reported findings that the Acrotretidae is a paraphyletic grouping of brachiopods which gave 
rise to other families within the Acrotretoidea; for example the Torynelasmatidae are closely related to 
Satpakella and Tasbulakia, the Biernatidae appear closely related to Aktassia and the newly identified 
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Scaphelasmatidae-Ceratretidae clade is closely related to Eohadrotreta. The Curticiidae is confirmed as 
lying outside of the Acrotretoidea, giving some support to the suggestion that the family may be closely 
related to the Acrotheloidea.  
The remaining families comprising the Acrotretoidea are supported by this study as valid taxonomic 
units, albeit in some cases with potential minor revisions to their concepts. A new Scaphelasmatidae-
Ceratretidae clade is consistently recovered, closely related to Eohadrotreta and Anelotreta. Support for 
the previously proposed subfamilies Neotretinae and Linnarssoniinae is partially recovered, although 
analyses suggest that revisions to their generic membership may be required. 
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7 EPITHELIAL CELL-MOULDS IN LINGULATE BRACHIOPODS 
INTRODUCTION  
Polygonal structures apparently representing moulds of epithelial cells have been identified in a range of 
groups including bradoriids (Fleming 1973), tommotiids (Conway-Morris & Chen 1990, Laurie 1986, 
Dzik 1994), ostracods (Okada, 1981; 1982), crustaceans (Rolfe, 1962) and conodonts (Conway Morris 
and Harper, 1988; Zhuravlev 1993). These structures are however best known from brachiopods, and a 
brief review of reports is provided below (see also Table 69).  
Williams & Wright (1970) identified polygonal impressions on muscle scars in both valves of Crania 
anomala; they interpreted these as reflecting outer epithelial cells preserved when shell thickening was 
terminated by a thin protein sheet. The impressions formed either mounds or depressions on average 10.4 
– 12.8µm wide which were separated by troughs or ridges around 2.6-2.8µm wide. Williams (1973) 
described a mosaic on the muscle field of Lacazella, a thecideidine articulate brachiopod. 
Curry & Williams (1983) recorded a “fine hexagonal network of microscopic ridges” on the internal 
surfaces of Lingulella from the Cambrian and Ordovician of Ireland, North America, Great Britain, 
Spitzbergen and China. They showed that this was closely comparable to the hexagonal pattern of the 
outer epithelial cells responsible for shell secretion in recent Lingula, suggesting that the Lower 
Palaeozoic fossils recorded epithelial cell-moulds. They further suggested that these features could be 
useful in identification of linguloid taxa. Mergl & Ferrova (2009) identified clear impressions of 
epithelial cells in both valves of Opatrikiella, a discinid brachiopod, and Mergl (2009) identified cell 
moulds 20-30µm across, which cover all but the periphery of each valve, in Microbolus (subfamily 
Glossellinae) from the Devonian of the Czech Republic. 
Mclean (1988) recorded polygonal mosaics on the internal surfaces of Eoconulus and three new species 
of Upper Ordovician acrotretoid brachiopods from Ireland, the first record from the acrotretoids, whilst 
Mergl & Elicki (2004) recorded moulds on the posterior slope close to the median ridge of Vandalotreta 
proclinis from the Cambrian of Italy. Mclean (1988) considered that the variation in the polygonal 
mosaics within and between individual specimens could be attributed to the “differential rate of shell 
secretion” noted by Curry & Williams (1983, p.117). Williams & Holmer (1992) considered that 
acrotretoid brachiopods have “sporadically occurring markings which may be characterised as epithelial 
imprints….”. Ushatinskaya & Parkhaev (2005) recorded polygonal mosaics representing imprints and 
casts of outer mantle epithelium in a number of Cambrian lingulate and paterinid brachiopod genera 
including Linnarssonia, Aphelotreta, Botsfordia, Mixotreta, Eothele, Kyrshabaktella, Aldanotreta and 
Askepasma in addition to a number of small shelly fossils, including putative stem group brachiopods 
164 
 
 
such as Salanygolina and Micrina, and molluscs. Mclean (1988) and Ushatinskaya & Parkhaev (2005) 
reported the presence of the mosaic pattern in up to five discrete shell layers in some specimens. 
Epithelial moulds from Cambrian acrotretoid brachiopods from southern Britain are described herein. 
Using this new dataset the potential utility of epithelial moulds in taxonomy is assessed and the 
relationships between cell size and valve width are investigated. Alternative interpretations of these 
structures are discussed and addressed.  
Taxon & 
Reference 
Outline/shape Typical size (µm) Other comments/location 
Crania anomala 
(Williams & 
Wright 1970) 
Typically in hexagonal 
packing pattern but 
varying from 
subcircular to 
pentagonal. 
Average 10.4 – 
12.8. Ridges and 
troughs separating 
cells 2.6-2.8 wide. 
Identified as moulds or depressions, 
separated by ridges or troughs, on 
muscle scars of both valves.  
Lingulella 
(Curry & 
Williams 1983) 
Fine network of ridges, 
ranging from 
subcircular to regular 
hexagonal, covering 
most of the interior. 
15.1 diameter on 
average, range 5-
20. 
Covers entire surface except for 
propareas and transgresses 
morphological features such as 
mantle canals and muscle scars 
unmodified. 
Eoconulus sp. 
 (Mclean 1988) 
Mosaic of tetragonal to 
heptagonal depressions 
on the inner surface of 
the valve floor. 
11.95 on average; 
range 8.93-14.28 
Measurements taken from cells 
preserved on the valve floor where 
the mosaic is most strongly 
developed on the anterior slope. 
Unlike most other examples, moulds 
of epithelial cells were not preserved 
on muscle scars. 
Acrotretid Gen et 
sp. A 
 (Mclean 1988) 
Polygonal mosaic, 
varying from four to 
seven sided and 
bounded by wall like 
ridges (1.8µm wide). 
11.47 on average; 
range 7.27-14.54 
Measurements taken from cells on 
muscle field where polygons are best 
defined. Mosaics are also noted in 
the swollen median portion of the 
valve.  
Acrotretid Gen et 
sp. B 
 (Mclean 1988) 
Variable polygonal 
mosaic with centrally 
located polygons 
showing approximately 
equal sides whilst 
marginal polygons are 
elongated.  
10.04 on average; 
range 7.50-12.50 
The mosaic is most clearly defined 
on dorsal cardinal muscle scars. 
Damaged shells show up to five 
shell layers, each showing the 
polygonal pattern. It is possible that 
the mosaic may be present on the 
valve floor. 
Acrotretid Gen et 
sp. C 
 (Mclean 1988) 
Mainly hexagonal 
polygons, along with 
larger, subcircular pits. 
12.00 on average; 
range 7.69-16.92 
The mosaic is preserved on muscle 
scars, vertical septal plate and 
scattered patches on the valve floor. 
Damaged shells show up to four 
shell layers in muscle scars, each 
showing the polygonal pattern. Most 
clearly preserved on the sides of the 
vertical plate of the septum.  
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Taxon & 
Reference 
Outline/shape Typical size (µm) Other comments/location 
Paterula fissura 
(Sutton et al. 
2000) 
Referred to occasional 
occurrence of networks 
interpreted as epithelial 
cell moulds. 
Not measured Network of moulds typically present 
on the dorsal thickened platform and 
valve floor. 
Vandalotreta 
proclinis 
(Mergl & Elicki 
2004) 
Not described and not 
clear from images. 
Not measured Cover the posterior slope close to the 
median ridge of dorsal valves. 
Various lingulate 
and paterinid taxa 
(Ushatinskaya & 
Parkhaev 2005) 
Polygonal netlike 
structure, the size of 
which appears 
independent of shell 
size. 
Varies between 8-
12. In some areas 
20-30 
Typically occur at muscle 
attachment sites, posterior margins, 
around the apical process and the 
median buttress. 
Microbolus 
micromorphus 
(Mergl 2009) 
The inner surface of the 
visceral area is covered 
by circular, sub-
pentagonal 
and hexagonal equi-
dimensional pits of 
fairly uniform size. 
23-30 Absent only on the flattened, smooth 
brim along the periphery of each 
valve. 
Opatrikiella 
kobyla  
(Mergl & Ferrova 
2009) 
Mostly hexagonal, 
regularly spaced. 
Deeper/larger and less 
regularly spaced 
bordering the pedicle 
track and at apical 
chamber of dorsal valve. 
12-18 Clear impressions of epithelial cells 
in visceral areas of both valves and 
also discernible on the anteromedian 
shell floor. 
 
Table 69 Summary of characteristics of brachiopod epithelial cell moulds noted in the literature 
MATERIAL AND METHODS 
The material described is from the Sedgwick Museum, University of Cambridge (SM), National Museum 
of Wales (NMW) or the British Geological Survey, Keyworth (BGS). Specimen references are as 
recorded in the relevant museum catalogues. A full list of specimens is provided in Appendix 9. 
The material was imaged using a LEO 1455 Variable Pressure Scanning Electron Microscope at the 
Natural History Museum, London. Measurement of specimens and of individual cells based on SEM 
images was undertaken using Brunel Microscopes’ “Scopephoto” software 
(www.brunelmicroscopes.co.uk).  
NEW RECORDS OF EPITHELIAL CELL MOULDS FROM ACROTRETOID BRACHIOPODS 
Extensive moulds of apparent epithelial cells have been identified through SEM imaging of acrotretoid 
taxa from the Lower and Middle Cambrian of Avalonian southern Britain. These moulds have been 
identified in most of the taxa reviewed, in particular Linnarssonia? comleyensis, Linnarssonia? cf. 
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comleyensis, Linnarssonia sagittalis, Linnarssonia? matleyi, Linnarssonia cf. sera, Acrotreta? cf. 
socialis and Olentotreta? sp. (Note: The data relating to epithelial cell moulds was published prior to 
completion of the taxonomic revision set out in this thesis; the taxa names used in this section have been 
retained as at the time of publication (Winrow and Sutton 2012) to ensure consistency with published 
data).  
The cell moulds are typically more or less hexagonal in outline, although there is occasionally some 
variation to polygonal/irregular hexagonal and subcircular. They are generally best preserved on the 
internal surfaces towards the posterior end of ventral valves, where the shell is thickened around the 
apical process and mantle canals. Similar moulds have been identified in other thickened areas where 
cardinal muscle scars are preserved, and in some instances on the median septum of the dorsal valve. On 
some specimens the polygonal mosaic is preserved on the valve floor and it is possible that the moulds 
originally covered the entire surface. However the inconsistent and frequently imperfect preservation of 
the material renders the true distribution of moulds difficult to ascertain. 
The morphological features of the cell moulds identified in the present study are recorded in Tables 70 
and 71. In particular the cell outline and approximate diameter of individual cells is given for each taxon 
in which moulds have been noted.  
Taxon Age and occurrence Description of cell moulds 
Linnarssonia? 
comleyensis  
Middle Cambrian, Upper 
Comley Sandstone (Cobbold’s 
Ba1 to Ba3; Series 3, Stage 5) of 
the Comley area, Shropshire. 
Cells forming the mosaic are typically well 
formed, polygonal (more or less hexagonal) and 
larger than most of the other taxa included in 
this review The cells are apparently larger on the 
posterior face of those specimens where the 
mosaic is noted, and less well formed, appearing 
somewhat pustulose. The pattern is typically 
preserved on and around the apical process with 
the larger cells in the medial portion of the 
apical process. The cells form clear casts 
separated by troughs marking cell margins, 
particular on the innermost layers of shell 
material (Fig. 13f). The polygonal pattern is 
shown on successive shell layers in Fig. 13f. 
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Taxon Age and occurrence Description of cell moulds 
Linnarssonia? 
cf. comleyensis  
 
Middle Cambrian, “Billingsella 
Beds” of the “Shoot Rough 
Road Flags” (Cobbold’s Bc; 
Series 3, Guzhangian stage) of 
the Comley area, Shropshire. 
 
Cells forming the polygonal pattern appear 
somewhat more variable than in L?. comleyensis 
and are typically less well formed, appearing 
pustulose. Typically cells are preserved on the 
apical process although in one specimen (Fig. 
13i) the mosaic is clearly preserved in the 
visceral cavity. As with L?. comleyensis cells on 
the posterior face of the valve are typically 
larger and less polygonal in outline. 
Linnarssonia cf. 
sera  
 
Lower Cambrian, “Lapworthella 
Limestone” of the Lower 
Comley Limestones (Cobbold’s 
Ad; Series 2, Stage 4) of the 
Comley, Shropshire area. 
The mosaic is typically well preserved on and 
around the apical process and vascula lateralia 
of ventral valves with cells forming a regular 
polygonal (hexagonal to sub-hexagonal) pattern. 
On one specimen (SM A369) the pattern extends 
to the anterior part of the valve floor.  
Linnarssonia 
sagittalis  
 
Middle Cambrian, “Nant Pig 
mudstones” (Middle Cambrian, 
Series 3, Drumian-Guzhangian 
stage) of St Tudwal’s peninsula, 
North Wales. 
The polygonal mosaics recorded on specimens 
currently assigned to L. sagittalis are somewhat 
variable, possibly reflecting the status of this 
species as a “bucket taxon” for a number of 
acrotretoid taxa from the Cambrian. Cells are 
typically best preserved on the apical process 
and cardinal muscle areas in ventral valves, and 
on cardinal muscle scars and median septum 
(Fig. 13b) in dorsal valves. 
Linnarssonia? 
matleyi 
 
Middle Cambrian, “Billingsella 
Beds” (Cobbold’s Bc; Series 3, 
Guzhangian stage) of the 
Comley area of Shropshire. 
Cells are typically smaller than those recorded in 
L. sagittalis and broadly similar in size to L. cf. 
sera, although in some specimens the average 
cell size is smaller than any other taxa recorded 
herein. Cells are typically well formed, more or 
less polygonal and well preserved on the apical 
process and vascula lateralia of the ventral 
valve as well as the posterior face. In some 
instances the pattern is well preserved on the 
visceral cavity. Unlike other taxa, cells on the 
posterior face of L.?. matleyi are typically 
smaller than those on the apical process. 
168 
 
 
Taxon Age and occurrence Description of cell moulds 
Acrotreta? cf. 
socialis  
 
Middle Cambrian “Shoot Rough 
Road Flags” (Cobbold’s Bb5; 
Series 3, Guzhangian stage) and 
the “Billingsella Beds” 
(Cobbold’s Bc; Series 3, 
Guzhangian stage) of the 
Comley area of Shropshire. 
 
Polygonal mosaics have been recorded from 
ventral and dorsal valves, with average cell sizes 
being smaller in dorsal valves (9.4-9.8 µm on 
average compared to 13.5-15.7 µm). The mosaic 
and cell sizes in ventral valves are similar to 
those recorded in L. cf. sera. Cells are clearly 
preserved in thickened areas of both valves in 
particular the apical process and vascula 
lateralia of ventral valves and around the 
median septum of dorsal valves. In one dorsal 
valve (Fig. 13e) the mosaic forms casts rather 
than imprints of epithelial cells and these cells 
are elongated across the septum. In the other 
dorsal valve the mosaic is well preserved in 
patches on the valve floor to the side of the 
septum. Cell outlines are well formed in all 
specimens; in both dorsal valves they are 
polygonal, while in ventral valves they are 
polygonal to sub-polygonal.  
Olentotreta? sp.  
 
Middle Cambrian, “Shoot 
Rough Road Flags” and 
“Billingsella Beds” (Cobbold’s 
Bb5 and Bc; Series 3, 
Guzhangian stage) of the 
Comley area, Shropshire. 
The polygonal mosaic is similar to that of L. cf. 
sera with well formed, polygonal to sub-
polygonal cells particularly well preserved on 
the apical process and posterior face, where the 
cells are larger (20.1µm on one specimen (Fig. 
13k) compared to 16.4µm). 
 
 
Table 70 Characteristics of epithelial cell moulds recorded from the Cambrian of southern 
Britain. The horizons from which these taxa have been identified are provided with reference to 
Cobbold (1927) terminology and the global Cambrian stages/series after Babcock et al. (2005). 
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Taxon No. cells 
measured 
Mean 
(µm) 
Median 
(µm) 
St Dev Min  
(µm) 
Max 
(µm) 
Mean 
Valve 
Width 
(mm) 
Valve 
width 
ratio*  
Olentotreta? sp. 
 
32 16.1 16.3 1.3 13.4 18.4 1.4 0.120 
Linnarssonia? 
comleyensis 
 
58 16.6 16.7 3.1 12.7 26.7 2.4 0.069 
Linnarssonia? 
comleyensis – apical 
process 
20 13.6 13.4 2.0 9.2 15.7 2.4 0.057 
Linnarssonia? cf. 
comleyensis – 
Apical Process 
39 15.0 13.7 4.2 9.3 22.9 2.4 0.063 
Linnarssonia? cf. 
comleyensis – Valve 
floor 
40 9.2 8.9 1.3 5.6 11.3 2.6 0.035 
Linnarssonia 
sagittalis – Dorsal 
muscle field 
 
13 10.2 10.6 1.7 7.9 11.9 2.1 0.049 
Linnarssonia 
sagittalis – Dorsal 
median septum 
20 17.2 17.1 1.4 15.3 19.3 2.1 0.082 
Linnarssonia 
sagittalis – Ventral 
8 24.8 24.6 2.9 21.4 28.4 2.6 0.095 
Linnarssonia? 
matleyi 
 
80 14.9 14.8 2.6 10.5 21.7 2.0 0.075 
Linnarssonia cf. 
sera 
50 15.2 15.2 1.9 10.4 19.6 1.4 0.109 
Acrotreta cf. socialis 
– Ventral 
49 15.3 15.3 1.6 11.6 18.5 2.2 0.069 
Acrotreta cf. socialis 
– Dorsal 
40 9.6 9.5 1.1 7.0 12.6 2.2 0.044 
* Valve width ratio = ratio of mean width of cells to mean valve width of measured specimens 
Table 71 Summary of measurements of epithelial cell moulds noted in British Cambrian 
acrotretoids in this study 
DISCUSSION 
Comparison with previously published data 
Ventral epithelial cell sizes in the present study are comparable to those recorded in Lingulella and 
modern Lingula by Curry & Williams (1983). Although the average cell sizes recorded for Ordovician 
acrotretoids by Mclean (1988) are typically smaller (average 10.4 to 12 µm), the data on which that study 
was based are predominantly from dorsal valves which in the present study show smaller epithelial cell 
sizes. Cells with an average width of 11.95 µm were recorded in the lingulate Eoconulus, based on data 
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from the valve floor; this study suggests that valve-floor moulds are also normally smaller. Ushatinskaya 
& Parkhaev (2005) reported the range of average cell widths over a wide range of taxa to be 8-12 µm, 
though in some cases up to 20-30 µm. The smaller cell sizes may simply reflect a relatively high 
preponderance of dorsal valves. The pits recorded as epithelial cells from the entire valve floor of 
Microbolus micromorphus by Mergl (2009) appear unusually large. 
 
Taxonomic value 
Curry & Williams (1983) suggested that epithelial moulds might potentially be useful in future 
taxonomic studies; these results suggest however that they are not of any particular utility in this regard, 
in acrotretoids at least. Whilst mean epithelial cell sizes do vary between taxa, the ratio of epithelial cell 
size to valve width does not vary significantly between taxa implying that absolute valve size is not a 
strong control on cell size. Additionally, for many species studied the size of epithelial cells varies 
significantly with location on the valve.  
 
The mean size of epithelial cells in most taxa recorded here is on average between 15-16 µm. The 
exception is Linnarssonia? cf. comleyensis, where mean values are lower; this may simply reflect their 
location on the valve floor rather than a thickened area. Although the ventral valve of Linnarssonia 
sagittalis shows cells on average 0.095% of ventral valve width, which appear significantly larger than 
most other taxa, this data is based on only eight measured cells from a single specimen. Further, the size 
of cells in dorsal valves of Linnarssonia sagittalis show great variation, possibly reflecting the use of this 
species as a ‘wastebasket’ for a range of acrotretoid fossils from the Cambrian. Olentotreta? sp. has 
epithelial cells which are on average larger than other taxa and represent a significantly larger proportion 
of valve width (0.12%), although this taxon is particularly small with an average valve width of only 
1.0mm.  
 
Relationship between cell size and valve width 
Ushatinskaya and Parkhaev (2005) considered there to be no relationship between cell size and valve 
width, although their analysis was not supported by statistical analysis. Pearson product-moment 
correlation co-efficients have been calculated for each taxon to identify whether there is a relationship 
between mean cell width and mean valve width (Table 72). The strength of the relationship in the present 
material varies significantly and, although sample sizes are small, the correlation is significant for L?. cf. 
comleyensis and L. sagittalis at the 95% confidence level. In general, however, this analysis provides no 
consistent support for a relationship between cell width and valve width, and is interpreted as providing 
support for the position of Ushatinskaya and Parkhaev (2005). 
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Figure 11 Plot showing min., max. and mean cell widths (ap = apical process, vf = valve floor) 
 
 
Biases in the cell moulds record 
Ushatinskaya & Parkhaev (2005) noted that the imprints of epithelial cells are more common in 
phosphate than calcitic fossils; Table 69 demonstrates that this is also true for brachiopods. Whilst there 
is no clear evidence from this review to indicate why these imprints are more commonly identified in 
phosphate taxa, it may be related to the more “plastic” nature of newly formed layered organo-phosphatic 
shells which may be better able to reflect imprints of adjacent soft tissues. The capacity of phosphate for 
preserving fine structures, albeit post mortem, has also been demonstrated by Allison (1988), Briggs & 
Wilby (1996), and Butterfield (2003) who all indicated that very fine details of muscles and other tissues 
may be preserved in secondary apatite.  
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Taxon No. 
specimens 
Pearson 
correlation 
co-efficient 
Critical 
value 
(95% 
confidence 
interval) 
Statistical 
significance? 
Olentotreta? sp. 4 -0.74 0.950 No 
Linnarssonia? 
comleyensis 
4 0.29 0.950 No 
Linnarssonia? cf. 
comleyensis  
4 0.97 0.950 Yes 
Linnarssonia 
sagittalis  
6 0.80 0.811 Yes 
Linnarssonia? 
matleyi 
 
6 -0.25 0.811 No 
Linnarssonia cf. 
sera 
3 0.97 0.997 No 
Acrotreta cf. 
socialis  
5 -0.12 0.878 No 
 
Table 72 Correlation between mean cell width and valve width 
Interpretation of mosaics as cell-moulds 
While most authors have assumed that the structures under consideration here represent the impressions 
of epithelial cells (the ‘cell-mould’ model), Vendresco et al. (2010) demonstrated that this may not be so 
for molluscs, considering instead that polygonal textures preserved on shell-interiors represented an 
imprint of a prismatic microstructure. Their arguments are, however, not supportable in the context of 
brachiopods. In the present study polygonal mosaics have been recorded in most taxa reviewed; their 
absence in remaining taxa may simply reflect poor preservation, and it is inferred that they were 
originally ubiquitous. This differs from the molluscan taxa studied by Vendresco et al. (2010), which 
displayed a strong species-preference in polygon occurrence, an observation taken by them as evidence 
against a cell-mould interpretation as mantle epithelial ultrastructure would not be expected to vary 
substantially between taxa. These authors argued that epithelial moulds should be preserved across the 
entire shell, which is rarely the case.  
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Figure 12 Graph showing relationship between mean cell width and valve width for British 
Cambrian lingulate brachiopods (based on data in Table 71). 
 
However, in brachiopods at least, an even distribution is not a prediction of a cell-mould model; Curry 
&Williams (1983) considered that cell-moulds can reasonably be expected to be preferentially preserved 
in areas of increased shell secretion rate, where cells might become more deeply embedded within the 
new-formed shell. Preferential preservation in areas of high shell-secretion rate is indeed the rule in both 
the present material and most other brachiopods where the mosaic has been recorded, and hence this 
pattern-distribution is not a valid argument against a cell-mould model. Vendresco et al. (2010) raised 
two other arguments. Firstly, they considered that cell-sizes preserved were below the size-range 
expected for molluscan epithelial cells. This does not appear to be true in the case of brachiopods; Curry 
& Williams (1983) demonstrated that the epithelial cell imprints in fossil Lingulella, which are 
comparable to those described here, were similar in size and nature to the epithelial cells of modern 
Lingula. Finally, Vendresco et al. (2010) suggested that the imprint of mantle epithelium should not 
produce sharp raised edges, metazoan cells lacking the rigid walls required to produce such a texture. 
Regardless of the merits of this argument it does not apply here, as the structures described in this study 
lack such sharply defined raised edges.  
 
Ushatinskaya & Parkhaev (2005) suggested that, in addition to imprints of epithelial cells, fossil 
brachiopods “sometimes preserve casts of cells of the outer mantle epithelium, cell walls or even 
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complete fossilized layers of the outer mantle epithelium” (p. 253). Direct fossilization of epithelial tissue 
would require exceptional preservation conditions which could lead to rapid replacement of organic 
tissue more or less immediately upon death; the authors of that study suggested that fossilization of 
epithelial tissue may have been possible due to the close proximity of the mantle to the shell allowing 
sufficient time for tissue to be mineralized before it decomposed. This, they contend, could have led to 
early stage diagenesis and preservation of soft tissue in calcium phosphate. While this model might be 
applicable to mosaic-patterns in certain exceptionally preserved material, it does not apply to the material 
under study here, or the majority of similar structures reported from elsewhere. These structures are 
typically preserved on successive layers on the brachiopod shell, and do not change in character from 
layer to layer (also see Mclean, 1988; Ushatinskaya & Parkhaev 2005). This unambiguously 
demonstrates that they were formed in vivo at the time of secretion of each individual shell layer; if they 
represented fossilized soft-tissue they would be restricted to the final layer. Their preferential 
preservation in areas of the shell with increased thickening (see above) also argues strongly against a 
fossilised soft-tissue model, in which there is no obvious reason for such a correlation to exist. Finally, 
there is no record of soft-tissue preservation in other taxa from the deposits in this study, nor any 
indication that palaeoenvironmental conditions were conducive to such preservation; there is for instance 
no evidence for low oxygen levels. 
 
In the absence of any other viable mode of formation, the traditional interpretation of these structures as 
moulds of epithelial cells, formed by the close impression of cells into the shell material at the time of 
secretion, is supported by these findings. 
CONCLUSIONS 
Polygonal mosaics are common and often well preserved in phosphatic brachiopods. They represent 
moulds of epithelial cells (rather than reflecting shell microstructure or representing fossilised soft-
tissue), and their preferential preservation in lingulates may reflect relative plasticity in the layered 
organo-phosphatic shell. They are not however useful taxonomic characters in acrotretoids, lacking 
consistent size differentiation between taxa; a consistent relationship between cell size and valve width 
has not been recovered. Epithelial cell-moulds are common in even the relatively poorly preserved 
material reviewed here from the British Cambrian, demonstrating the surprisingly high preservation 
potential of subtle biological structures impressed into a phosphatic matrix. 
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Figure 13 Epithelial cell moulds recorded in Cambrian Acrotretid brachiopods  
(a) Linnarssonia? comleyensis, posterior of ventral valve (SM, A373); (b) Linnarssonia 
sagittalis, dorsal median septum with imprints of epithelial cells (BGS, A53624); (c) 
Acrotreta? cf. socialis, ventral valve showing epithelial moulds on the apical process (SM, 
A96d-709); (d) Acrotreta? cf. socialis, ventral valve showing epithelial moulds on the apical 
process (SM, A96d-709); (e) Acrotreta? cf. socialis, dorsal valve showing epithelial moulds 
the median septum (SM, A100); (f) Linnarssonia? comleyensis, ventral valve showing 
epithelial moulds on apical process (SM A355-2074); (g) Linnarssonia? matleyi, ventral valve 
with epithelial moulds on apical process (SM, A345); (h) Linnarssonia? matleyi, ventral valve 
with epithelial moulds on apical process (SM, A346-1); (i) Linnarssonia? cf. comleyensis, 
ventral valve with epithelial moulds on apical process and extending across the valve floor 
(SM, A353-2088a); (j) Linnarssonia? matleyi, epithelial moulds (SM A351); (k) Olentotreta? 
sp., ventral valve posterior with epithelial moulds (SM A353-2100c); (l) Olentotreta? sp., 
ventral valve posterior with epithelial moulds (SM A353-2100d). Scale bars are 200µm for 
(a); 30 µm for (b), (c), (e), (g), (j); and 100 µm for (d), (f), (h), (i), (k), (l).  
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ADDENDUM: EPITHELIAL CELL MOULDS IN LINGULOID BRACHIOPODS 
INTRODUCTION 
Following publication of details of epithelial cell moulds identified in acrotretoid brachiopods, as set out 
in above (Winrow & Sutton 2012), further research into brachiopods belonging to the Eoobolidae and 
Obolidae families of the Linguloidea (linguloid brachiopods) has identified numerous further examples of 
epithelial cell moulds.  
MATERIAL 
The material described here is all derived from acid residues of the Comley Limestone (Series 2, Stage 4) 
of Comley, Shropshire and is deposited at the Oxford University Museum of Natural History. 
NEW RECORDS OF EPITHELIAL CELL MOULDS FROM LINGULOID BRACHIOPODS  
Moulds of epithelial cells have been identified in numerous valves of three newly identified linguloid 
taxa recovered by dissolution from the Comley Limestone, namely Eoobolus davidsoni, Svenjaella 
parvus and Svenjaella minuta. As with acrotretoid brachiopods, the cell moulds are polygonal (typically 
hexagonal) in outline, and are best preserved in areas where the shell is thickened. This occurs most 
commonly on the visceral platform, where the cell moulds provide a clear outline of the shape of the 
platform in many instances (Fig. 15a, b, g). In some specimens, particularly in the thin shelled Svenjaella, 
cell moulds are preserved across the entire valve and it is possible that they covered the whole surface, as 
recorded in Lingulella by Curry & Williams (1983). 
The morphological features of cell moulds identified in linguloid brachiopods in the present study are set 
out in Table 73 and measurements of cell moulds are summarised in Table 74. 
Taxon Age and occurrence Description of cell moulds 
Eoobolus 
davidsoni 
(Dorsal) 
Middle Cambrian, Strenuella 
Limestone (Cobbold’s Ac4) to 
Protolenus Limestone 
(Cobbold’s Ac5) of the Comley 
Limestone (Cambrian, Series 2, 
Stage 4) from the Comley area, 
Shropshire.  
Cells forming the mosaic pattern are typically 
well formed, polygonal (more or less 
hexagonal) and are, on average, larger than the 
cells identified in the ventral valve of this taxon. 
The cells are typically preserved on the median 
projection of the visceral platform (Fig. 15i) and 
marking the anterior margin of the visceral 
platform itself (Fig. 15f). In one valve the well 
formed hexagonal cells are preserved across the 
entire visceral platform (Fig. 15g) and in 
another valve the cell moulds are preserved on 
successive shell layers (Fig. 15h). 
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Taxon Age and occurrence Description of cell moulds 
Eoobolus 
davidsoni 
(Ventral) 
Middle Cambrian, Strenuella 
Limestone (Cobbold’s Ac4) to 
Protolenus Limestone 
(Cobbold’s Ac5) of the Comley 
Limestone (Cambrian, Series 2, 
Stage 4) from the Comley area, 
Shropshire. 
Cells forming the mosaic are, on average, 
smaller and less regularly hexagonal than in 
dorsal valves of the same taxon. Cell moulds 
are typically preserved on thickened areas at the 
margins of the visceral platform (Figs. 15a, b) 
and, in some instances, are preserved in other 
areas where the shell is thickened, in particular 
muscle scars (Fig. 15d, e); in this instance the 
epithelial cell moulds are the only indication of 
muscle scars. 
Svenjaella 
minuta 
(Ventral) 
Middle Cambrian, 
undifferentiated Comley 
Limestone (Cambrian, Series 2, 
Stage 4) of the Comley area, 
Shropshire.  
Well formed more-or-less hexagonal cell 
moulds are preserved across the visceral 
platform (Fig. 15k); less well impressed 
imprints are preserved across the whole valve. 
Svenjaella 
minuta 
(Dorsal) 
Middle Cambrian, 
undifferentiated Comley 
Limestone (Cambrian, Series 2, 
Stage 4) of the Comley area, 
Shropshire 
Cell moulds occur across the entire valve, with 
more deeply impressed moulds on the visceral 
platform (Fig. 15j). 
Svenjaella 
parvus 
(Ventral) 
Middle Cambrian, 
undifferentiated Comley 
Limestone (Cambrian, Series 2, 
Stage 4) of the Comley area, 
Shropshire. 
 
More or less hexagonal cell moulds are 
preserved across the visceral platform (Fig. 
15l). 
 
Table 73 Characteristics of epithelial cell moulds recorded in linguloid brachiopods from the 
Cambrian of southern Britain 
 
Taxon No. cells 
measured 
Mean 
(µm) 
Median 
(µm) 
St Dev Min  
(µm) 
Max 
(µm) 
Eoobolus davidsoni 
(Dorsal) 
160 16.4 16 2.5 11 23 
Eoobolus davidsoni 
(Ventral) 
53 15.4 15 3.1 9 21 
Svenjaella minuta 
(Ventral) 
20 14.3 14 1.7 12 18 
Svenjaella minuta 
(Dorsal) 
10 16.2 17 1.3 14 18 
Svenjaella minuta 
(Ventral) 
20 14.5 14 1.7 12 18 
 
Table 74 Summary of measurements of epithelial cell moulds noted in British Cambrian linguloid 
brachiopods in this study 
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DISCUSSION 
Comparison with previously published data 
The cell moulds identified in the present study are similar to those identified on the visceral area of 
Lingulella antiquissima (Holmer & Popov 1994, p.47) and Eoobolus cf. triparilis (Balthasar 2009, 
p.412), although neither of those authors measured these structures or described them in detail. 
The mean cell sizes of linguloid cell moulds, in the range 14.3µm to 16.4 µm (Fig. 15), are similar to 
those recorded in Lingulella (Curry & Williams 1983). Linguloid cells are slightly larger than those 
identified in many acrotretoid brachiopods, although the size of cell moulds in acrotretoid brachiopods 
varied with location in the valve (Winrow & Sutton 2012).  
The size of cell moulds in linguloids (Fig. 15) is less varied than identified in acrotretoids (Fig. 13). The 
locations of the cell moulds identified in the present study is also less varied than in acrotretoids; in 
linguloids these structures are largely preserved on the visceral platform, while in acrotretoids they occur 
on the median septum, muscle scars, apical process and valve floor. This reduced positional variation 
likely accounts for the reduced size variation.  
 
Figure 14 Plot showing minimum, maximum and mean cell widths in linguloid brachiopods from 
the Cambrian of England and Wales 
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Taxonomic value 
Winrow & Sutton (2012) demonstrated that epithelial cell moulds are of little utility as a taxonomic 
character in acrotretoid brachiopods, and the same is true for linguloids. However, cell moulds may be 
used to identify important morphological features of taxa which may assist in taxonomic studies. In 
linguloid brachiopods they can, in particular, be used to delineate the extent and morphology of the 
visceral platform (Fig. 15a, b, g) and in two valves in the present study patches of epithelial cell-moulds 
provide the only evidence for the position of the postero-lateral muscle-scars (Fig. 15d, e).  
CONCLUSIONS 
This review of linguloid brachiopods provides further evidence that epithelial cell moulds are common 
and often well preserved in phosphatic brachiopods. Although they are not useful taxonomic characters in 
their own right, the location of cell moulds on thickened areas of the valve may assist in taxonomic 
studies by delineating the morphology of characters such as the visceral platform and muscle scars.  
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Figure 15 Epithelial cell moulds recorded in Cambrian Linguloid brachiopods  
Figs. (a) to (h) Eoobolus davidsoni; (a) ventral valve with imprints of epithelial cells 
marking morphological features (PW3-2); (b) ventral valve with imprints of epithelial cells 
marking morphological features (PW3-5); (c) ventral valve with epithelial moulds on valve 
floor (PW3-22); (d) valve with epithelial moulds on postero-lateral muscle scars (PW5-18); 
(e) valve with epithelial moulds on postero-lateral muscle scars (unnamed slide); (f) dorsal 
valve with epithelial moulds delineating the boundary of the visceral area (PW1-8a); (g) 
dorsal valve with epithelial moulds delineating the boundary of the visceral area (PW7-2); 
(h) dorsal valve with epithelial moulds on valve floor (PW4-12); figs. (i) to (j) Svenjaella 
minuta: (i) dorsal valve with epithelial moulds delineating median ridge (PW(B)6-16); (j) 
dorsal valve with epithelial moulds marking muscle scars; figs. (k) to (l) Svenjaella parvus: 
(k) dorsal valve with epithelial moulds on valve floor (PW(B)2-1); (l) dorsal valve with 
epithelial moulds on valve floor (PW1-13a). 
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8 LINGULATE BRACHIOPODS AND THE LOWER PALAEOZOIC 
HISTORY OF THE IAPETUS OCEAN 
ABSTRACT 
The history of the Iapetus Ocean in the lower Palaeozoic is well established and faunal distribution has 
contributed significantly to the development of this knowledge; however, lingulate brachiopods have 
traditionally been considered to be of little utility in assessing palaeobiogeography. The distribution of 
lingulate brachiopods across the Iapetus region is analysed using a number of similarity indices and other 
statistical measures. This analysis shows a clear palaeobiogeographic signal where lingulate faunas are 
sufficiently diverse, reflecting the history of the Iapetus ocean and the relative separation of Laurentia 
and Baltica through the Cambrian and Ordovician. Lingulate faunas on Avalonia are, however, low in 
diversity and show relatively high endemism; this renders them of little use in assessing the separation of 
Avalonia from other areas. Evidence of earlier increases in faunal similarity in lingulate faunas between 
continents, compared to other fossil groups, provides confirmatory evidence that Palaeozoic lingulates 
had long-lived planktotrophic larvae.  
INTRODUCTION 
Ever since Wilson (1966) demonstrated the existence of a “proto Atlantic” Iapetus Ocean, there has been 
much interest in the Palaeozoic development of the region, particularly in the history of the northern 
(Laurentian) and southern (Avalonian) British Isles, culminating in a recent popular science depiction of 
the closure of the Iapetus Ocean (Clarkson & Upton 2010). The ocean opened in the Vendian to Early 
Cambrian and, although the details of the timing of rifting and palaeogeographic configuration of the 
continents are not clear (Pisarevsky et al. 2008), the ocean was formed as Laurentia rifted away from 
Gondwana and drifted northwards towards the equator (Torsvik et al. 1996; Carwood et al. 2001).  
The Cambrian was a period of continental dispersion and the Iapetus continued to widen, reaching its 
maximum width in the latest Cambrian to early Ordovician with a distance of 5,000km separating 
Avalonian and Laurentian Britain (Cocks & Torsvik 2002) and the Tornquist Sea, which separated 
Baltica and Avalonia, began to widen as Baltica drifted northward from Gondwana from the early 
Ordovician (Cocks & Torsvik 2005, Sturesson et al. 2005). Avalonia rifted from the Gondwanan margin 
opening up the Rheic Ocean, probably during Arenig time according to Cocks and Fortey (2009) 
although Landing (2005) contends that Avalonia had been an independent terrane since the 
Neoproterozoic, drifting rapidly northwards and reaching a similar latitude to Baltica by the Caradoc, 
lying approximately 1,000km to the west (Cocks & Torsvik 2002). 
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By the middle Ordovician the Iapetus had begun to narrow, to 3,300km by end Llandeilo (Torsvik & 
Trench 1991 and Torsvik et al. 1993) and by the Caradoc the separation of Avalonian and Laurentian 
Britain had reduced to 2,000km (Cocks & Torsvik 2002). There is strong palaeomagnetic and faunal 
evidence for the existence of Island Arcs across the Iapetus Ocean in the early to mid Ordovician due to 
subduction of the northern (Laurentian) and southern (Avalonian) margins as well as a mid latitude Arc 
system (Mac Niocaill et al. 1997). Throughout middle to late Ordovician times the Tornquist Sea 
continued to narrow as Avalonia and Baltica converged, finally 'soft docking' around the 
Ordovician/Silurian boundary (Mac Niocaill et al. 1997; Cocks and Torsvik 2002; Torsvik & Rehnstrom 
2003) when the Iapetus Ocean had reduced to around 1,300km wide and the Rheic Ocean had reached its 
maximum width of around 5,000km. The Iapetus continued to narrow until, in the mid Silurian, the 
Avalonia/Baltica continent collided with Laurentia to create Laurussia as the ocean disappeared during 
the Caledonide orogeny.  
The chronostratigraphic terminology used herein is that used in the Treatise on Invertebrate Paleontology 
(Kaesler 1997; 2000 and Selden 2007) on which the data analysis is based. Ordovician 
chronostratigraphic nomenclature has been updated since publication of the Treatise; Fig, 16 summarises 
the stage and series names used herein against the current global terminology. 
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Figure 16 Summary of Ordovician stratigraphic terminology used herein  
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FAUNAL EVIDENCE FOR THE HISTORY OF THE IAPETUS OCEAN 
For several decades the distribution of fossils has been widely applied to palaeogeographical questions, in 
particular in the development and closure of the Iapetus Ocean with faunal evidence a significant factor 
leading Wilson (1966) to identify the “proto Atlantic”. Williams (1973) identified five Ordovician 
brachiopod provinces in the Arenig with high levels of endemism, reducing to two ‘realms’ by the 
Caradoc and by the latest Ashgill a single, cosmopolitan fauna existed (the Hirnantia fauna) as the 
Iapetus closed and Cocks & McKerrow (1973) demonstrated that Silurian shelf brachiopod faunas were 
essentially cosmopolitan. Meanwhile, Whittington & Hughes (1972) demonstrated a similar trend in 
trilobite provinces, reducing from four in the lower Ordovician to a single late Ordovician worldwide 
fauna due to continental amalgamation as well as global regression due to the end Ordovician glaciation 
and association extinctions. McKerrow & Cocks (1986) noted that faunas on either side of the Iapetus 
Ocean became increasingly similar through time and estimated the approximate width of the Iapetus 
through the lower Palaeozoic based on the times at which faunas on either side of the ocean were able to 
cross it. Additionally Cocks (2000) summarised the faunal evidence for the palaeogeography of the early 
Ordovician noting that Laurentia and Baltica had largely endemic brachiopod and trilobite faunas at this 
time and also identified the increasing differences between Avalonian and Gondwanan brachiopod faunas 
which were broadly similar in the Arenig but markedly different by the Llanvirn and Caradoc as 
demonstrated by the work of Hurst (1979) and Havlicek et al. (1994).  
In two seminal papers, Cocks & Fortey (1982) and Fortey & Cocks (1992) documented the fossil 
evidence for the separation of northern and southern Britain, based on mainly articulate brachiopods and 
trilobites, noting that the significant faunal differences in the Cambrian and lower Ordovician gradually 
declined in the later Ordovician, reflecting the closure of the Iapetus Ocean. They noted also that early 
Ordovician faunas in southern Britain (Avalonia) were similar to those in Gondwanan Europe, whilst 
those in Baltica were different. These authors have built on this early work in a series of papers providing 
greater detail of faunal distributions and the evidence for palaeogeographical reconstructions including 
Cocks & Fortey (1990) outlining the biogeography of Ordovician and Silurian faunas, and the major 
review of the palaeontological evidence supporting global Ordovician and Silurian reconstructions 
(Fortey & Cocks 2003) which provides a detailed summary of the faunal distributions for each continent 
and the main microcontinents and terranes.  
 
Cocks & Fortey (2009) discussed the history of Avalonia, focussing mainly on faunal evidence, and 
noted that faunal evidence for the location of Avalonia in the Cambrian is inconclusive; Lower Cambrian 
trilobites are typified by Gondwanan faunas with high endemicity (Alvaro et al. 2003) whereas, in the 
middle Cambrian faunas have some similarity with both Laurentia and Baltica and in the late Cambrian 
there is some evidence of links to Gondwana (Hughes & Rushton 1990). Conway Morris & Rushton 
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(1988) summarised the differences between the faunas of Laurentia, Avalonia and Baltica through the 
Cambrian as evidence of their separation at this time, focussing on trilobites but with support from other 
groups, noting also the environmental differences between low latitude, and warmer, Laurentia and the 
higher latitude, cooler waters of Avalonia and Baltica. In other fossil groups, Williams et al. (2007) 
outlined the Cambrian palaeogeography of bradoriid arthropods which show evidence of a warm water 
“east” and cooler water “west” realm, similar to the Olenellid and Redlichiid trilobite realms, with many 
forms being cosmopolitan within those realms, although Topper et al. (2011) provided strong evidence 
for endemism in the lower Cambrian.  
 
Harper et al. (1996) and Cocks & Torsvik (2002) provide syntheses of palaeomagnetic and faunal data 
for early Ordovician Iapetus terranes and global geography for the Ordovician and Silurian respectively 
whilst Neuman (1984) and Harper et al. (2009) discuss the geology and palaeontology of Ordovician mid 
latitude, intra-Iapetus islands and the development and migration of the Celtic province faunas. Harper et 
al. (1996) identified a series of platform provinces (Laurentia, Baltica and Gondwana) along with a 
number of assemblages which did not fit these cratonic faunas, particularly the Celtic province at high 
latitudes and the Toquima-Table Head fauna at lower latitudes. It is likely that the Iapetus was punctuated 
by numerous islands in the Ordovician (Neuman 1984; Neuman & Harper 1992), possibly around a mid 
latitude volcanic arc (Mac Niocaill et al. 1997), upon which largely endemic brachiopod and trilobite 
faunas developed. Indeed Williams (1969, 1973) identified a series of brachiopod provinces at the height 
of brachiopod provincialism in the early Ordovician which were subsequently refined into the Baltic 
(Jaanusson 1973), Laurentian (Cocks 2000) and Mediterranean (Havlicek 1976) provinces with a number 
of intra-Iapetus and marginal faunas also identified (Neuman 1984; Bruton & Harper 1981). Additionally 
Tychsen & Harper (2004) discussed the distribution of orthids in the Ordovician and Silurian, noting five 
phases in the development of faunal provincialism which, they concluded, reflects the history of the 
Iapetus. Further, Hansen & Holmer (2010) note that lower and middle Ordovician faunas from 
Spitsbergen are similar to those in north America and Greenland at generic level, although there is strong 
endemism at species level.  
Cocks & Fortey (1982; 1990) demonstrated that by the mid Caradoc there was increased faunal exchange 
between Avalonia and Baltica as they moved closer together whilst Linneman et al. 2012 noted that the 
Avalonian trilobite faunas were similar to those of north west Gondwana until the Sandbian but from the 
Katian they began to reflect the increased proximity of Baltica (Verniers et al. 2002; Owens & Servais, 
2007). A similar result is found in Chitinozoa from Avalonia which showed Gondwanan affinity until the 
mid Darriwilian but from the lower Sandbian demonstrated increased similarity to Baltoscandian faunas 
(Samuelsen & Verniers 2000; Verniers et al. 2005).  
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By the mid Silurian the three major Iapetus continents had collided and the benthic assemblages of most 
groups formed a single, low latitude cosmopolitan fauna, with the exception of ostracodes which, 
although similar across Baltica and Avalonia were different in Laurentia and NW Gondwana (Cocks & 
Fortey 2009) as the ostracodes were apparently unable to cross even the remaining shallow seas until the 
late Silurian (Berdan 1990). Ziegler et al. (1968) demonstrated that most brachiopod faunas were 
cosmopolitan by the Llandovery, although lingulate diversity was much reduced by this time. Meanwhile 
Armstrong & Owen (2002) analysed euconodonts from the Llanvirn to Llandovery and concluded that 
many north Atlantic taxa were pelagic and cosmopolitan across the Iapetus area.  
Fortey & Cocks (2003) considered that planktonic taxa, such as graptolites and acritarchs, are more 
useful in delineating palaeolatitude rather than palaeocontinents on account of their widespread 
distribution. Fortey & Mellish (1992) considered whether some fossils are better than others in assessing 
palaeogeographic models using the early Ordovician Iapetus Ocean as an example, concluding that the 
relationship to proposed continental separation differs depending on the fossils used. Planktonic fossils 
(e.g. graptolites, acritarchs) did not denote a separation between Baltica and Gondwana whilst ostracodes, 
trilobites and to a lesser degree, brachiopods, demonstrate strong compliance with palaeogeographic 
models; their work on brachiopods was a blend of articulate and inarticulate forms. Meanwhile Lees et al. 
(2002) used quantitative analysis based mainly on brachiopods and trilobites to estimate distances 
between continents, noting that in the early Ordovician Avalonia was close to Gondwana but by mid 
Ordovician times there was increased migration from Laurentia and Baltica of a number of faunal groups 
including brachiopods, trilobites, molluscs, echinoderms and ostracodes (Cocks & Fortey 2009); they 
concluded that Avalonia rifted away from Gondwana in the late Cambrian/early Ordovician, probably at 
the end of the Tremadocian.  
A number of papers have been published focussing specifically on the utility of brachiopods in defining 
the palaeogeographic history of the Iapetus Ocean and surrounding continents, although the majority of 
these have focussed on articulate brachiopods. As noted by Harper & Sandy (2001), the geographic 
distribution of lingulate brachiopods has received little attention, probably due to their planktotrophic 
larvae and assumed widespread distribution (Cocks & Fortey 2009), that they are not a component of the 
Palaeozoic Evolutionary Fauna (Sepkoski 1984; 1990) and perhaps because of perceived taxonomic 
difficulties.  
Modern linguliform brachiopods have a planktotrophic larval stage which can remain in the plankton for 
several weeks before settling, leading to wider dispersion than articulate forms which have lecithotrophic 
larvae with short free-swimming duration (Hyman, 1959; Boucot 1975 and Williams 1973; 1976) 
indicating that rhynchonelliforms had limited ability to migrate across open oceans. There is strong 
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evidence that many Palaeozoic lingulate brachiopods had planktotrophic larvae (Holmer, 1989; Popov & 
Holmer 1994; Freeman & Lundelius 1999). This implies that lingulate brachiopods should be more 
widely dispersed across the Iapetus and surrounding area than their articulate counterparts; indeed Harper 
& Sandy (2001) note that the biogeographical patterns of lingulates can reflect those of planktonic 
organisms and Richardson (1997) notes that modern lingulates show no endemism. There are, however, 
few studies of the biogeography of Cambrian brachiopods, although Ushatinskaya (1996) provided an 
overview, identifying ‘tropical’ and ‘natal’ realms based on the proportion of lingulate to 
rhynchonelliform brachiopods. Popov & Holmer (1994) established a series of lingulate brachiopod 
assemblages in the late Cambrian/early Ordovician and Bassett et al. (1999) discussed the diversification 
and extinction of lingulate brachiopods. Whilst not focussed on palaeogeography, Bassett et al. (2002) 
discussed the Cambrian to Tremadoc diversification of brachiopod faunas, both lingulate and articulate 
and Holmer & Popov (1996) discussed the radiation, and classification, of the brachiopods in the lower 
Palaeozoic. 
AIMS OF THIS SUDY 
This study has two principle aims; (1) to assess the utility of lingulate brachiopods in 
palaeobiogeography, and (2) to assess whether the lingulate palaeobiogeographical data provides support 
for long larval-residence times in lingulates. The distribution of lingulate brachiopods across the Iapetus 
region in the lower Palaeozoic is analysed to assess whether they provide a biogeographic signal that 
correlates with that provided by other faunal groups in documenting the opening and closing of the 
Iapetus Ocean. Concordance of this type would predict that the faunas of Laurentia, Avalonia and Baltica 
should become less similar through the Cambrian as the ocean opened, with maximum dispersal of 
continents and consequently high levels of endemism in the early Ordovician. Avalonian and Baltican 
faunas should become more similar throughout the Ordovician, becoming more or less cosmopolitan at 
the end of the Ordovician as the continents collided with the closure of the Tornquist Sea; the faunas of 
Laurentia and Baltica/Avalonia should also become increasingly similar, with reducing levels of 
endemism, as the Iapetus Ocean closed and the distance between the continents decreased, before 
collision in the Silurian when more or less cosmopolitan faunas should be established. Any discrepancy 
between the lingulate biogeographic signal and that of other groups that implies earlier coalescence or 
later divergence can be taken as support for the hypothesis that lingulate brachiopods larvae were 
normally planktotrophic. 
METHODOLOGY 
The Treatise on Invertebrate Paleontology, part H (Kaesler, 1997; 2000 and Selden 2007) records the 
geographic and stratigraphic distributions of each brachiopod genus. From this data, a matrix of presence 
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(1) and absence (0) of individual lingulate genera was compiled for each of the divisions of the Lower 
Palaeozoic used in the Treatise (three stages in the Cambrian, six in the Ordovician and four in the 
Silurian) on each palaeocontinent.  
Using a single data-source (the Treatise on Invertebrate Paleontology) provides important advantages of 
consistency in treatment of palaeogeographic regions and chronostratigraphic timescales; for these 
reasons those faunas published after the Treatise have not been incorporated, other than the Ordovician 
faunas of Avalonia detailed in the monograph of Sutton et al. (1999; 2000). Excluded data thus includes 
the late Ordovician Avalonian brachiopod faunas from Ireland referred to in Wright & McLean (1991), 
which are unpublished, and a number of faunas from Laurentia (e.g. Robson & Pratt 2001, Robson et al. 
2003, Freeman & Miller 2011, Streng & Holmer 2006). These latter studies have, in any case, not 
introduced significant numbers of taxa at generic level beyond those recorded in the database. A number 
of faunas described from other regions have also been excluded, most notably Gondwana (e.g. Popov et 
al. 2008, Ghobadi Pour et al. 2011, Streng et al. 2011, Percival & Engelbretsen 2007 and Percival et al. 
2011) which do not impact directly on the analysis of the Iapetus region.  
For the purposes of this study, Avalonia comprises England and Wales, Cape Breton, New Brunswick 
and Newfoundland, Laurentia consists of USA, Greenland, Scotland and Ireland and Baltica of Sweden, 
Poland, Novya Semlya, Russia (Ingria), Estonia and Norway, although the Norwegian faunas probably 
represent intra-Iapetus island faunas (Harper et al. 1996; 2009, Harper & Sandy 2001). In other regions 
Siberia consists of Siberia, Russia (Altai) and Russia (undefined); the Kazakhstan terranes are comprised 
of Kazakhstan, Kirghizia and Uzbekistan; West Gondwana of Africa, France, Spain, Bohemia, Germany, 
Jordan and Libya, and East Gondwana consists of Australia, Antarctica and New Zealand. 
There are some inherent limitations with the database used in this study. For example, a small number of 
genera, such as Lingulella, Lingulepis, Orbiculoidea and Schizotreta, have been excluded from the 
analysis as the Treatise records their exact geographic and stratigraphic distribution as uncertain; these 
are “wastebasket” genera into which often poorly preserved material has been recorded, and are in need 
of taxonomic revision. Also there are few modern publications describing lingulate faunas from the lower 
Palaeozoic of Avalonia; for example the Cambrian faunas from British Avalonia are revised for the first 
time in 100 years in this thesis. Additionally, very few lingulate taxa survived the late Ordovician faunal 
turnover associated with the Hirnantian glaciations; as a result the latter stages of the history of the 
Iapetus Ocean cannot be clearly elucidated from lingulates alone as a number of the indices could not be 
calculated for the Silurian.  
A number of similarity coefficients/indices (see below) were calculated from the presence/absence 
database for global palaeocontinent pairs in each time-slice using the PAST statistics software (Hammer 
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et al. 2001) and presented graphically to show changes over time. Data relating to seven 
palaeocontinental areas (Avalonia, Laurentia, Baltica, Siberia, Kazakhstan, West Gondwana and East 
Gondwana) has been used in calculating global similarity indices; there is insufficient data for the 
remaining areas (South Gondwana, North China and South China) to enable calculation of indices. The 
analysis for the Arenig and Llanvirn excludes East Gondwana as there is no data and for the whole of the 
Silurian only the Raup-Crick co-efficient can be calculated reliably due to scarcity of data, in particular 
for Avalonia. This study considers only the results for those palaeocontinents impacting directly on the 
reconstruction of the history of the Iapetus region, namely Avalonia, Laurentia and Baltica. 
To assess whether the patterns of lingulate brachiopod endemism across the three palaeocontinents reflect 
the expectations set out above, i.e. that endemism was at its maximum in the late Cambrian-early 
Ordovician, reducing steadily through the Ordovician, the Mean Endemism Index of Lees et al. (2002) 
has been calculated for each palaeocontinent pair, i.e. Laurentia/Baltica, Laurentia/Avalonia and 
Avalonia/Baltica using the formula ME = 0.5((e1/t1) + (e2/t2)) where e1 and e2 are the numbers of lingulate 
taxa uniquely endemic to each palaeocontinent and t1 and t2 are the total number of lingulate taxa on each 
palaeocontinent; higher values for ME indicate higher levels of endemism and imply greater geographic 
separation. To further support this analysis the percentage of endemic lingulates, for all palaeocontinents 
combined, for each geological stage and the proportion of taxa on either one, two or all three 
palaeocontinents, has been calculated.  
A further technique which has not been applied in this study is cladistic biogeography (see e.g. 
Lieberman & Eldredge 1996). While this has been applied to Cambrian palaeogeography with some 
limited success, using trilobites (Lieberman 1997), the technique requires well resolved phylogenies. 
These are not currently available for lingulates, and indeed Fortey & Cocks (2003) considered that there 
is insufficient knowledge of any invertebrate phylogenies for the approach to be viable. 
Selection of similarity coefficients/indices 
A large number of similarity coefficients or indices that derive from presence/absence data have been 
used in palaeontology and palaeogeography. Hammer & Harper (2006) outline the characteristics of a 
number of indices for use in measuring the similarity of taxon compositions of two samples with 
presence/absence data. The Jaccard index (Jaccard 1912) ignores absences from both samples, assumes 
diversity differences are real and if one sample is much larger than the other will always yield a low 
value, whilst the Simpson index (Simpson 1949), which assumes differences are due to sampling, is 
insensitive to the size of the larger sample, effectively disregarding absences in the smaller sample; as a 
result only taxa present in the smaller sample contribute to the calculation and the results, whilst being 
conservative, are less sensitive to the data. The Dice index (Dice 1945, Sorensen 1948) is similar to 
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Jaccard but normalises to the average rather than the number of taxa in samples and is thus less sensitive 
to differences in sample sizes, giving more weight to joint occurrences. The Raup-Crick (Raup & Crick 
1979) is a probabilistic measure of faunal similarity based on the probability of the samples having taxa 
in common and uses a randomisation procedure based on bootstrapping. The Ochiai Coefficient of 
Closeness (Ochiai, 1957) is similar to the Jaccard and Dice indices in ignoring negative co-occurrences. 
Hubalek (1982), evaluated 43 coefficients of similarity and recommended the Jaccard, Dice, Kulczynski 
and Ochiai whilst Shi (1993) assessed 39 similarity coefficients using nine criteria for a “good index"; he 
concluded that the Jaccard coefficient was “the most suitable as a similarity measure”, whilst also 
recommending the use of Simpson, Dice and Ochiai. However, Archer & Maples (1987) and Maples & 
Archer (1988) reviewed the utility of a number of indices under sub-optimal conditions, and concluded 
that the use of Dice, Simpson or Jaccard coefficients was inadvisable with sparse data or a high number 
of variables. Meanwhile Schmactenburg (2008) tested similarity indices against distances on proposed 
palaeogeographic reconstructions using modern and Cretaceous bivalves and concluded that the “Raup-
Crick similarity index is excellent for statistically testing palaeogeographic reconstructions with 
biogeographic data” and recommended the Raup-Crick index for testing palaeogeographic barriers, 
whilst also noting that where there were small differences in diversity the Raup-Crick index gave similar 
results to Simpson and where there were large diversity differences the results were more similar to 
Jaccard. Schmactenburg (2008) also reported that the Mean Endemism Index gave the worst correlation 
with distance between areas, whilst Lees et al. (2002) found better correlation between faunal similarity 
and distance using Mean Endemism than they did with Jaccard, although their data was at generic rather 
than specific level. 
In view of the lack of consensus as to the most ‘correct’ or useful coefficient selecting a single coefficient 
can easily be justified, and for this reason five have been computed in this study, namely Raup-Crick, 
Simpson, Jaccard, Dice and Ochiai 
RESULTS  
Similarity Indices 
The calculated similarity indices for each palaeocontinent pair relevant to the history of the Iapetus 
(Laurentia/Baltica, Laurentia/Avalonia and Avalonia/Baltica) in each geological time slice for the 
Cambrian and Ordovician are set out in Figs.17-19. Comparable similarity indices have not been 
published for groups such as trilobites and articulate brachiopods; instead trends have been determined 
using more complex statistical analyses made viable by larger datasets (e.g. Cocks & Fortey 1982; 1990; 
2009 and Harper et al. 1996; 2009). 
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The results of this analysis vary depending upon which similarity coefficient is used and, although there 
is some support for the predicted trends, it is not strong. Results for the Laurentia/Baltica 
palaeocontinent-pair demonstrate the expected trend up to the end of the Ordovician, but neither 
Avalonia/Baltica or Avalonia/Laurentia show increases in similarity; indeed most indices for 
Avalonia/Baltica show decreasing similarity through the Ordovician. These trends are discussed in more 
detail below. 
Laurentia/Baltica (Fig. 17) 
All five indices show a similar pattern, with similarity decreasing to the end of the Cambrian and then 
steadily increasing through the Ordovician. The lowest levels of similarity are in all indices recorded in 
the late Cambrian, with values ranging from 0 (Raup-Crick) to 0.31 (Simpson) whilst the highest values 
recorded in the late Ordovician (Ashgill) range from 0.58 (Jaccard) to 0.96 (Raup-Crick). Sparsity of data 
in the Silurian renders calculation of indices other than Raup-Crick inadvisable; this latter index indicates 
a reduction in similarity rather than the expected increase, but small sample sizes urge caution in 
interpreting this result.  
 
Figure 17 Similarity Indices for the Laurentia/Baltica palaeocontinent pair through the 
Cambrian and Ordovician 
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Laurentia /Avalonia (Fig. 18) 
The results for the Laurentia/Avalonia palaeocontinent pair show a general trend of decreasing similarity 
through time, although all but the Simpson index show a slight peak in the early Ordovician (Tremadoc). 
The Simpson index shows a general decrease from the Cambrian to the Arenig followed by an increase in 
the later Ordovician but with an anomalous result in the Ashgill which is related to the lack of taxa 
recorded on Avalonia. 
 
Figure 18 Similarity Indices for the Laurentia/Avalonia palaeocontinent pair through the 
Cambrian and Ordovician 
Avalonia/Baltica (Fig. 19) 
All indices show a trend of reducing similarity similar to that recorded in Avalonia/Laurentia from a peak 
in the Cambrian, steadily decreasing throughout the Ordovician, in contrast with the expectation based on 
palaeogeographic models. Whilst the Jaccard coefficient shows a decrease in similarity in the late 
Cambrian, this coefficient generally gives low values where one sample is much larger than the other, 
which is typically the case for the low diversity Avalonian faunas. The Simpson index yields high levels 
of similarity in the late Cambrian/early Ordovician; this is interpreted as an artefact relating to lack of 
sensitivity of this index at this time, as only data in the smaller sample (Avalonia) are used in the 
calculation.  
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Figure 19 Similarity Indices for the Avalonia/Baltica palaeocontinent pair through the Cambrian 
and Ordovician 
Mean Endemism 
The mean endemism index (ME) for lingulate brachiopods calculated for each palaeocontinent pair is 
shown in Fig. 20. If ME was to reflect the accepted history of the Iapetus Ocean it should increase during 
the Cambrian, peaking in the late Cambrian/early Ordovician when the palaeocontinents were at their 
maximum dispersal, before reducing through the Ordovician as the palaeocontinents converged.  
The Laurentia/Baltica palaeocontinent pair reflects this expected pattern with the maximum endemism 
occurring in the late Cambrian and steadily reducing during the Ordovician, with a slight anomaly in the 
Caradoc. The maximum ME figure is 0.66 (Late Cambrian) whilst the minimum of 0.22 is recorded in 
the Llandeilo; the range calculated by Lees et al. (2002) for trilobites and brachiopods in the Ordovician 
and Silurian was 0.1 to 0.65 with a predominance of endemic taxa in the early to mid Ordovician, 
peaking for trilobites in the Arenig and for brachiopods in the Llanvirn.  
As with similarity indices, the palaeocontinent pairs involving Avalonia do not give a clear signal, 
although the Avalonia/Baltica palaeocontinent pair does show increasing ME values from the lower 
Cambrian to the Arenig before reducing again steadily through the remaining Ordovician (a potentially 
anomalous peak in the Ashgill excepted). The peak ME values for Avalonia/Baltica occur later than 
Laurentia/Baltica; this is not predicted by the palaeogeographic model, but is in accordance with the 
trilobite and articulate brachiopod findings of Lees et al. (2002). The ME values for Avalonia/Laurentia 
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show relatively little variation from the lower Cambrian through to the mid/late Ordovician and there is 
no clear signal in the data. 
  
Figure 20 Mean Endemism Index for each palaeocontinent pair through the Cambrian and 
Ordovician 
Other measures of endemism 
In addition to the Mean Endemism Index, the number of endemic lingulate taxa on each palaeocontinent 
(Fig. 21) and the percentage of endemic lingulate taxa across the Iapetus Ocean (Fig. 22) have been 
calculated and a graph produced showing the number of lingulate brachiopods distributed on one, two or 
all three palaeocontinents for each time period (Fig. 23).  
The accepted history of the Iapetus Ocean would predict that the number of endemic taxa on each 
palaeocontinent and the percentage of endemic taxa across the Iapetus region should peak in the late 
Cambrian/early Ordovician at the time of maximum palaeocontinent dispersal, and reduce through the 
Ordovician to the cosmopolitan faunas of the Silurian. The number of taxa present on only one 
palaeocontinent should also peak at the same time, with an increasing proportion recorded on two, or all 
three, palaeocontinents through the lower Palaeozoic. 
The percentage of endemic lingulate taxa (Fig. 21) reflects the history of the Iapetus region from the 
lower Cambrian, with the maximum percentage reached in the late Cambrian and remaining high until 
the Arenig when the percentage reduced significantly. Although there is an unexpected increase in the 
percentage of endemic taxa in the Silurian, this is based on very small numbers of lingulate brachiopods 
surviving the late Ordovician faunal turnover reported from a small number of sites; indeed there are no 
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records in the Treatise of any lingulate brachiopods from the Silurian of Avalonia. While lingulates 
certainly existed in Avalonia during the Silurian (see e.g. Cocks & Popov 2009), their absence from the 
treatise reflects a need for taxonomic revision. 
 
Figure 21 Percentage of endemic lingulate taxa around the Iapetus Ocean through the lower 
Palaeozoic 
The proportion of endemic lingulate taxa on each palaeocontinent in the Iapetus region in the Cambrian 
and Ordovician is summarised in Fig. 22 which shows that, as expected, the proportion of endemic taxa 
on Baltica and Laurentia peak around the late Cambrian and early Ordovician, decreasing through the 
Ordovician. Data for Laurentia indicate that endemism peaked in the Cambrian and was already 
decreasing in the early Ordovician, earlier than anticipated from the development of the Iapetus. The 
results for Baltica are compatible with orthodox Iapetus history, with peak endemism from the late 
Cambrian to Arenig and a steady decrease through the Ordovician. Endemism in Avalonia, however, 
does not reflect the expected trend; instead, endemism increases throughout the Ordovician (no data is 
available for the Caradoc).  
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Figure 22 Proportion of endemic taxa on each palaeocontinent in the Iapetus region  
The number of endemic taxa across the three palaeocontinents around Iapetus rises rapidly through the 
Cambrian, peaking in the upper Cambrian to Arenig, gradually declining from then to the end of the 
Silurian (Fig. 23). Whilst the number of taxa recorded reflects overall faunal diversity, the pattern 
recorded here also reflects the history of the Iapetus Ocean.  
 
 
Figure 23 Distribution of lingulate taxa across the three palaeocontinents around the Iapetus 
Ocean (showing the number of taxa recorded on one, two or three of the palaeocontinents under 
consideration) 
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DISCUSSION 
Faunal similarity 
Changes in faunal similarity of lingulate brachiopods for the Laurentia/Baltica palaeocontinent-pair show 
a clear signal which fits with the accepted history of the opening and closure of the Iapetus Ocean. Whilst 
articulate brachiopods and trilobites show maximum endemism in the early to mid Ordovician for this 
palaeocontinent pair, with faunas gradually becoming more similar due to migration from around mid-
late Ordovician times, the trend towards increasingly similar faunas begins earlier for lingulate 
brachiopods. This is interpreted as confirmatory evidence of a planktotrophic larval stage in Palaeozoic 
lingulate brachiopods, whose longer residence-time in the plankton can be expected to have enabled 
migration over wider oceanic distances than the lecithotrophic larval forms of articulate brachiopods and 
(presumably) trilobites. 
The results for the palaeocontinent-pairs involving Avalonia are more difficult to interpret. Avalonia was 
at higher latitudes than both Laurentia and Baltica in the Cambrian and lower Ordovician and the 
recorded lingulate faunas may reflect the typically lower diversity faunas found at higher latitudes. 
Laurentia was at low latitudes throughout the period, being shown as more or less equatorial in most 
reconstructions, whilst Baltica drifted northwards much earlier than Avalonia, although by the Caradoc 
they were both at mid latitude. It is also possible that ocean circulation patterns may have contributed to 
the distribution of taxa between Laurentia and Baltica at similar latitudes and provided a further barrier to 
northward migration of lingulates from Avalonia. Christiansen & Stouge (1999) published a model of 
ocean circulation for the Arenig (Fig. 24) which shows Avalonia to the south of the temperate ocean 
current. To the east of it lay Baltica, with polar currents flowing westward from Avalonia, whilst 
Laurentia was located to the north of the subtropical ocean current in the Iapetus. In this model there 
appears to be a path for the distribution of faunas from Avalonia to Baltica in the early Ordovician via the 
mid latitude temperate current. However, the results of the endemism analysis presented here do not 
indicate high levels of faunal interchange between Avalonia and Baltica. Additionally, faunal interchange 
between Laurentia and Baltica, indicated in the endemism analysis and in analyses of trilobite and 
articulate brachiopod distributions, is difficult to envisage with this pattern of oceanic circulation. It is 
therefore considered that presently available faunal data does not support the model of Christiansen and 
Stouge (1999). 
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Figure 24 Ocean circulation for the Arenig, showing brachiopod provinces (From Christiansen 
and Stouge 1999) 
Throughout the Ordovician, Baltica underwent anticlockwise rotation (Torsvik et al. 1993) meaning that 
different parts of the continent faced the Iapetus Ocean during this period. It is possible that different 
faunas might have existed on the western (Iapetus) and eastern (Tethys) margins of Baltica; as the 
database used in this study does not distinguish between western and eastern Baltica it is possible that 
this distinction may be a partial cause of the lack of clear signal in the data; although Cocks & Fortey 
(2009) did not find any such faunal variation in Baltican trilobites and articulate brachiopods there are 
differences between the Ordovician lingulate faunas of the Uralian margin of Baltica (Popov & Holmer 
1994) and Baltoscandia.  
Endemism 
The results set out here indicate that maximum endemism for lingulate brachiopods occurred in the late 
Cambrian of Laurentia and lower Ordovician (Arenig) of Baltica although the Tremadoc data for 
Laurentia indicate an unusually low level of endemism which may reflect a lack of studies of Tremadoc 
faunas for this palaeocontinent and the low numbers of taxa recorded. Lees et al. (2002) noted that the 
highest levels of endemism for trilobites occurred in the Arenig and for the mainly articulate brachiopods 
in the Llanvirn; the earlier peak in endemism for lingulate brachiopods is interpreted as further evidence 
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for their planktotrophic larval stage, and hence their potential for crossing wider oceans than other taxa 
which could only migrate when oceans had narrowed further. 
The proportion of endemic lingulate taxa (Fig. 22) reflects, in broad terms, the width of the Iapetus Ocean 
and distances between the continents, peaking in the late Cambrian to Arenig at which time around three 
quarters of taxa were endemic to individual continents in the region. The majority of the remaining taxa 
were distributed on only two of the three palaeocontinents (Fig. 23), typically Laurentia and Baltica, 
probably reflecting the relatively low diversity of higher latitude Avalonian faunas and consequent low 
numbers of taxa.  
The early reduction in endemism in Laurentia (Fig. 22) is likely related to faunal interchange between 
Laurentia and other areas not associated with the Iapetus; for example, Laurentian faunas from the early 
Ordovician are similar to those recorded in Siberia and Gondwana. It is not clear why Avalonian 
lingulate faunas show high levels of endemism in the Ordovician though it may be related to Ocean 
circulation or the location of Avalonia to the south of Baltica in higher latitude, colder waters. It is also 
likely that Laurentian/Baltican faunas show lower levels of endemism as a result of their closer links with 
other, generally low latitude, palaeocontinents outside of the Iapetus region.  
CONCLUSIONS 
Most authors have considered that lingulate brachiopods are of little utility in palaeogeographical 
reconstructions (e.g. Cocks & Fortey 2009, Cocks 2011). This analysis, however, indicates that where 
sufficiently diverse faunas of lingulates are recorded, they reflect palaeogeographic models derived from 
other sources, and hence provide a viable data source for reconstructions of continental configurations. 
Lingulate brachiopods clearly record the relative separation of Laurentia and Baltica during the lower 
Palaeozoic using a range of similarity indices; lack of clarity only occurs when the Avalonian 
microcontinent is considered, as the lingulate fauna here was both unusually endemic and low in 
diversity. The reasons for the anomalously high endemicity of Avalonian Ordovician lingulates remain to 
be elucidated; they may include oceanic circulation patterns or latitudinal control, although why these 
should particularly affect lingulates remains unclear. The data also provides consistent evidence of earlier 
increases in similarity during continental convergence than are observed in trilobites or articulate 
brachiopods, substantiating existing assumptions that Palaeozoic lingulates, like their living 
representatives, had long-lived planktotrophic larvae.  
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PLATE 1 
a) Lingulella ferruginea JR2974, ventral valve; b) Lingulella ferruginea A389, ventral valve; c) 
Lingulella ferruginea JR2971, ventral valve; d) Lingulella sp. A101020, ventral valve; e) Lingulella sp. 
NMW 62.24.G25, ventral valve; Figs. (f) to (k) Lingulepis cf. acuminata f) Dew7199, ventral valve 
interior; g) A2199b, ventral valve showing ornamentation; h) 57202a, dorsal valve interior; i) A182, 
ventral valve; j) A607, ventral valve posterior showing flexure lines and pseudointerarea; k) 54351, 
dorsal valve interior showing median ridge; Figs. (l) to (q) Elliptoglossa sp.) A865, ventral valve exterior; 
m) A865, ventral valve exterior, posterior portion (enhanced magnification of l); n) A866, ventral valve 
exterior; o) A866, ventral valve exterior, posterior portion (enhanced magnification of n); p) A866, 
ventral valve exterior, showing external ornament (enhanced magnification on n); q) A866, dorsal valve 
exterior; r) Obolus gibbosus A389-676, ventral valve interior. Scale bars: (a), (c), (i), (k), (n), (o), (q) 
500µm; (b), (f), (g), (h), (m), (r) 250 µm; (j), (p) 100 µm; (d), (e), (l) 1mm. 
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PLATE 2 
a) Obolus gibbosus A389-677, ventral valve; b) Eoobolus linnarssoni 30856, ventral valve exterior 
fragment; c) Eoobolus linnarssoni Dew6957, dorsal valve exterior; d) Eoobolus linnarssoni Dew6990, 
ventral valve exterior fragment; e) Eoobolus viridis 5968-2, ventral valve fragment showing external 
ornament; f) Eoobolus viridis 54342, ventral valve; g) Eoobolus viridis 54327, ventral valve; Figs. (h) to 
(m) Wahwahlingula antiquissima h) DEW7104, ventral valve exterior; i) JR2964, dorsal valve exterior; j) 
JR2964, ventral valve; k) ZL8254, ventral and dorsal valves; l) RU9284, ventral valve; m) ZL8254, 
ventral and dorsal valve; n) Svenjaella outwoodensis Te20, dorsal valve; o) Svenjaella outwoodensis 
Te20, ventral valve; p) Svenjaella outwoodensis Te20, dorsal valve; q) Askepasma kingi 30851h, ventral 
valve; r) Aldanotreta sp. 3 A175, ventral valve. All scale bars 500µm except for (a), (h), (i) & (o) 250µm; 
(e) 200µm; (b), (d) (q), (r) 1mm. 
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PLATE 3 
Figs. (a) to (o) Svenjaella parvus a) PW(B)4 - 10, Ventral valve interior showing pseudointerarea and 
vascula lateralia; b) PW(B)4 - 1, Ventral valve interior; c) PW(B)4 - 5, Ventral valve interior showing 
pedicle nerve tracks; d) PW(B)4 - 4, Ventral valve interior showing vascula lateralia; e) PW(B)4 - 5, 
Ventral valve interior showing pedicle nerve tracks; f) PW(B)4, Dorsal valve exterior; g) PW(B)4 - 38, 
Dorsal valve exterior; h) PW(B)4 - 35, Dorsal valve interior; i) PW(B)4 - 34, Dorsal valve interior 
showing pseudointerarea and median septum; j) PW(B)4 - 33, Ventral valve interior; k) PW(B)4 - 1, 
Valve fragment showing columnar shell structure; l) PW(B)4 - 4, Valve fragment showing columnar 
shell structure; m) 22.344.G2, Dorsal valve exterior, exfoliated; n) 22.344.G2, Dorsal valve exterior, 
exfoliated; o) PW(B)4, Ventral valve fragment showing ornament and larval shell; Figs. (p) to r) 
Lingulella davisii p) 85086, ventral valve; q) A616, ventral valve ; r) A621, dorsal valve. All scale bars 
100µm, except for (e), (k) & (l) 20µm; (p), (q), (r) 1mm. 
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PLATE 4 
Svenjaella minuta: a) PW(B)2 – 1, Ventral valve interior, pseudointerarea, pedicle groove and mosaic of 
epithelial cell moulds; b) PW(B)2 – 3, Dorsal valve interior; c) PW(B)2 – 5, Dorsal valve exterior; d) 
PW(B)2 – 7, Dorsal valve interior, pseudointerarea; e) PW(B)2 – 8, Ventral valve exterior, posterior 
portion showing larval shell; f) PW(B)2 – 14, Dorsal valve exterior; g) PW(B)2 – 15, Dorsal valve 
exterior; h) PW(B)2 – 17, Dorsal valve interior, pseudointerarea and median ridge; i) PW(B)5 – 10, 
Ventral valve interior ; j) PW(B)4 – 5, Ventral valve interior, pedicle nerve traces and pseudointerarea; k) 
PW(B)5 -22, Larval sell of ventral valve, pedicle ridge and imprints of polygonal ornamentation; l) 
PW(B)5 – 21, Larval sell of ventral valve, pedicle ridge and imprints of polygonal ornamentation; m) 
PW(B)2 – 3, Dorsal valve interior; n) PW(B)6 – 2, Dorsal valve interior, pseudointerarea and median 
ridge; o) PW(B)2 – 17, Dorsal valve pseudointerarea; p) PW(B)5 – 25, Ventral valve exterior, oblique 
view; q) PW(B)2 – 12, Dorsal valve interior, oblique view; (r) Lingulella davisii A1518, several valves. 
Scale bars: 100µm except for (e) &(f) 50µm; (k) & (l) 20µm; (r) 1mm. 
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PLATE 5 
Eoobolus davidsoni  a) “University of Leicester” slide (ref. TBC) 29a, ventral valve interior, 
pseudointerarea and vascula lateralia; b) Leicester slide 33c, ventral valve interior, pseudointerarea, 
pedicle nerve trace and visceral area; c) PW(3)-2, ventral valve interior, pseudointerarea, pedicle nerve 
trace and visceral area; d) PW(3)-2, ventral valve interior, pseudointerarea and pedicle nerve trace 
(enhanced magnification of d); e) PW(3)-4, dorsal valve interior, visceral area; f) PW(3)-4, dorsal valve 
interior, visceral area (enhanced magnification of f); g) PW(3)-4, dorsal valve interior, visceral area 
(enhanced magnification of f); h) PW(3)-5, ventral valve interior, pseudointerarea, pedicle nerve trace and 
visceral area; i) PW(3)-6, ventral valve interior, pseudointerarea, pedicle nerve trace and visceral area; j) 
PW(3)-14, dorsal valve exterior showing external ornament; k) PW(3)-17, dorsal interior, pseudointerarea; 
l) PW(3)-20, dorsal valve exterior; m) PW(3)-21b, ventral valve exterior; n) PW(5)-5, ventral valve 
exterior, posterior portion and larval shell; o) PW(5)-15, ventral valve exterior, posterior portion and 
larval shell; p) PW(5)-15, ventral larval shell (enhanced magnification of o); q) PW(6)-4, ventral valve 
interior, oblique view, pseudointerarea; r) PW(5)-42, dorsal valve exterior showing external ornament. All 
scale bars 100µm, except (c) 200µm, (p) 50µm. 
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PLATE 6 
Figs. (a) to (m) Eoobolus sedgwicki  a) PW(6)-4, ventral valve interior, pseudointerarea and pedicle nerve 
trace; b) PW(6)-27, ventral valve interior, pseudointerarea; c) PW(6)-33, ventral valve interior, 
pseudointerarea; d) PW(6)-52, ventral valve exterior, external ornament and larval shell; e) PW(6)-53, 
ventral valve exterior, external ornament and larval shell; f) PW(7)-2, dorsal valve interior, 
pseudointerarea; g) PW(7)-21, dorsal valve interior; h) PW(7)-25, dorsal valve interior; i) PW(7)-40, 
dorsal valve exterior; j) PW(7)-45, dorsal valve interior; k) PW(7)-46, dorsal valve exterior; l) PW(8)12, 
ventral valve interior; m) PW(8)18, ventral valve exterior, external ornament and larval shell; Figs. (n) to 
(r) Eoobolus huttoni  n) PW(8)-5, ventral interior; o) PW(8)-59, ventral exterior showing larval shell and 
external ornament ; p) PW(8)-59, ventral valve exterior, ornament of concentric growth lines and pustules 
(enhanced magnification of o); q) PW(8)-59, ventral valve larval shell; r) PW(8)-64, dorsal valve interior, 
pseudointerarea. All scale bars 100µm. 
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PLATE 7 
Figs. (a) to (j) Broeggeria salteri a) 85075, Ventral valve exterior showing triangular pedicle groove; b) 
RU7399, Ventral valve interior; c) 6371, Dorsal valve; d) RU7678, Ventral valve exterior, exfoliated; e) 
He3381, dorsal valve; f) He3381a, Ventral valve interior; g) RU7678, Dorsal valve interior showing 
central muscle tracks flanking visceral area; h) RU7399, Ventral valve pseudointerarea showing 
triangular pedicle groove and flexure lines; i) RU7399, Ventral valve pseudointerarea showing triangular 
pedicle groove and flexure lines; j) GSM104550, Ventral valve exterior and dorsal valve interior; Figs. 
(k) to (r) Paterina minor k) PW(B)3 – 22, ventral valve interior; l) PW2-1, ventral valve interior; m) 
PW(B)3 – 18, ventral larval valve; n) PW(B)3 –26, ventral larval valve; o) PW(B)3 –5, ventral larval 
valve; p) 30853, ventral valve exterior; q) PW(B)3 –36, external ornament showing detail of nick points; 
r) PW(B)3 –27, external ornament. Scale bars: (a) to (d), (g) and (j) 1mm; (e), (f) 500µm; (i) & (q) 
200µm; (h), (k) to (p) 100µm. 
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PLATE 8 
a) Acrothele coriacea A102, Ventral valve, posterior margin with elongate pedicle foramen; b) Acrothele 
coriacea A102, Ventral valve, increased magnification of fig. a; c) Acrothele coriacea A102, Granular 
ornament on ventral valve of fig. a; d) Acrothele coriacea A389 - 675, Oblique view of dorsal valve; e) 
Acrothele coriacea 22.344.G11, Ventral valve, pedicle foramen and apical tubercles; f) Acrothele sp. A 
He3222, Ventral valve, elongate oval pedicle foramen; g) Acrothele sp. A He3213b, Ventral valve, 
pedicle foramen, apex and granular ornament; h) Acrothele sp. A He3213b, Ventral valve, pedicle 
foramen, apex and granular ornament; i) Acrothele sp. A 22.344.G8, Ventral valve, scars of four 
tubercles; j) Acrothele sp. A PW(4)-34, Ventral valve; k) Acrothele sp. B, Pe2347h, Ventral valve; l) 
Botsfordia pulchra ZL8181, Dorsal valve, granular ornament; m) Botsfordia pulchra A57215b, Fragment 
of ventral valve with granular ornament; n) Botsfordia pulchra A57204b, Dorsal valve, granular 
ornament and concentric growth lines at anterior margin; o) Botsfordia pulchra A57204a, Dorsal valve; 
p) Botsfordia pulchra A57215a, Ventral valve, apex overhanging posterior margin; q) Botsfordia? sp. A 
A51155a, Ventral valve; r) Botsfordia? sp. B A596-560, Ventral valve. Scale bars: Figs. b, c, f, g, h, j, r 
100µm; Figs. a, d, e, m 500µm; Figs. k, l, n, o, p, q 1mm. 
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PLATE 9 
Figs. (a) to (e) Linnarssonia sagittalis: (a) BDA2463, ventral valve showing vascula lateralia and 
cardinal muscle scars; b) A54624, dorsal valve showing median septum; c) A54374, ventral valve 
showing apical process and vascula lateralia; d) A54624, magnification of median septum in fig. b, 
showing epithelial cell imprints; e) A54624, magnification of fig. b showing columnar shell structure; f) 
Linnarssonia cf. taconica 51795b, ventral valve showing apical process; g) Linnarssonia cf. taconica 
51795a, ventral valve; Figs. (h) to (r) Linnarssonia? comleyensis h) A355-2074, ventral valve showing 
tongue-like apical process; i) A373, ventral valve showing tongue-like apical process and vascula 
lateralia; j) A373, oblique view of ventral valve; k) Leicester slide 32a, ventral valve exterior showing 
pedicle foramen; l) Leicester slide 31c, ventral valve exterior showing pedicle foramen; m) PW2 - 6, 
ventral valve interior showing columnar shell structure; n) PW2 - 6, magnification of fig. m showing 
detail of columnar structure; o) PW2 - 6, dorsal valve interior showing columnar shell structure; p) PW2 - 
12, ventral valve interior showing apical process; q) PW2 - 12, magnification of fig. p showing epithelial 
cell imprints and columnar structure; r) PW2 - 12, magnification of fig. p showing detail of columnar 
structure. Scale bars: (a)-(c), (f), (i) 200µm; (g), (h), (j)-(m), (p) 100µm; (d) 50µm; (n), (o), (q), (r) 20µm; 
(e) 10µm. 
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PLATE 10 
Figs. (a) to (e) Linnarssonia? comleyensis: a) PW2 - 26, ventral valve interior showing apical process; b) 
PW2 - 26, magnification of posterior margin of fig. a; c) PW2 - 26, magnification of fig. a showing 
columnar shell structure; d) PW2 - 40, ventral valve interior showing apical process and interior pedicle 
foramen; e) PW2 - 40, magnification of fig. d showing pedicle foramen; Figs. (f) to (j) Linnarssonia? 
cobboldi: f) A353-2088d, ventral valve interior; g) A353-2076, ventral valve interior; h) A354a (5), 
ventral valve interior showing pedicle tube; i) A353 - 2088 c, ventral valve interior showing apical 
process, pedicle tube and vascula lateralia; j) A353-2074a, ventral valve oblique view; Figs. (k) to (m) 
Linnarssonella? sp. (k) BDA2159, ventral valve showing subtriangular apical process; l) 16894, distorted 
ventral valve; m) 16897, ventral valve showing subtriangular apical process; Figs. (n) to (r) Hadrotreta 
rushtoni: n) ZS4522, ventral valve; o) ZS4523, dorsal valve, oblique view; p) ZS4522, dorsal valve; q) 
ZS4523, ventral valve oblique view; r) ZS4523, ventral valve, magnification of fig. q showing apical 
process, pedicle tube and vascula lateralia. Scale bars: (a), (d), (f) to (j) 100µm; (b), (r) 50µm; (c), (e) 
20µm; (l) 1mm; (k), (m) 200µm; (n) to (q) 500µm. 
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PLATE 11 
Hadrotreta cf. sera a) D233A, ventral valve, oblique view; b) D233A, ventral valve, magnification of fig. 
a showing larval shell and pedicle foramen; c) D233A, ventral valve, magnification of posterior region of 
fig. a; d) D233A, magnification of shell ornament of fig. a; e) A371-2, dorsal valve; f) A371-2, dorsal 
valve, magnification of median septum; g) G16b, ventral valve lateral view; h) G16a, ventral valve 
postero-lateral view; i) A369, dorsal valve showing cardinal muscles and median septum, oblique view; j) 
A369, dorsal valve showing cardinal muscles and median septum; k) A371-3, dorsal valve; l) PW2 - 7, 
ventral valve showing pedicle foramen; m) PW2 - 7, magnification of fig. m showing detail of pedicle 
foramen and ornament; n) PW2 - 11, ventral valve oblique view; o) PW2 - 11, magnification of fig. n 
showing columnar shell structure; p) PW2 - 11, magnification of fig. n showing columnar shell structure; 
q) PW2 - 31, ventral valve showing pedicle foramen; r) PW2 - 31, magnification of fig. q showing detail 
of pedicle foramen and tube. Scale bars: (a), (e), (g) to (l), (n) 200µm; (c) & (q) 50µm; (b), (d), (f), (m), 
(o), (p), (r) 20µm. 
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PLATE 12 
Figs. (a) to (c): Hadrotreta cf. Sera a) PW2 - 29, ventral valve interior; b) PW2 - 29, magnification of fig. 
a showing columnar shell structure; c) PW2 - 29, magnification of fig. a showing detail of columnar shell 
structure; Figs. (d) to (p): Hadrotreta matleyi d) A347, dorsal valve showing median septum and cardinal 
muscles; e) A344, ventral valve; f) A353-2095, ventral valve showing pedicle foramen; g) A354-2096, 
ventral valve showing apical process and pedicle tube; h) A354-2110a, posterior view of ventral valve; i) 
A345, ventral valve showing apical process; j) A345, magnification of apical process and pedicle tube of 
fig. i showing epithelial cell imprints; k) A346-1, ventral valve showing apical process and vascula 
lateralia; l) A346-1, magnification of apical region of fig. l; m) A346-1, magnification of fig. l showing 
epithelial cell imprints; n) D263b, ventral valve posterior margin; o) A389, dorsal valve; p) A389, dorsal 
valve; q) Genus et sp. indet B HE3202, dorsal valve exterior; r) Aldanotreta anglica 51669, ventral valve. 
All scale bars 100µm except (b), (c), (j), (m) 20µm; (r) 1mm. 
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PLATE 13 
Figs. (a) to (k): Clupeafumosus socialis a) A96d (3) - 709, ventral valve; b) A96d (3) - 709, magnification 
of fig. a showing detail of pedicle tube and epithelial imprints on apical process; c) A96d (4) - 709, 
ventral valve oblique view showing apical process; d) A598-671, dorsal and ventral valves; e) A354 - 
2071, dorsal valve; f) A598-704, ventral valve showing apical process; g) A96(c) - 695, dorsal valve 
showing median septum and cardinal muscle scars; h) A100, cluster of dorsal valves; i) A354a (2), dorsal 
valve showing median septum and cardinal muscle scars; j) A96d(2) - 709, dorsal valve, oblique view; k) 
A100, magnification of dorsal median septum, oblique view; l) Alexellus perforata A353-2091c, ventral 
valve oblique view; m) Alexellus perforata A353a, two ventral valves showing apical process and pedicle 
tube; n) Alexellus perforata A353-2091e, ventral valve oblique view; o) Kayleigha paisleyi A351, ventral 
valve; p) Kayleigha paisleyi A604-626, ventral valve; q) Kayleigha paisleyi. A604-629, ventral valve; r) 
Stilpnotreta? sp. NMW 22.344.G13b, ventral valve. All scale bars 200µm except (b), (k) 20µm; (c), (l) 
100µm. 
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PLATE 14 
Olentotreta? Sp. a) 22.344.G13f, ventral valve, oblique view; b) 22.344.G13a, ventral valve, oblique 
posterior view; c) A353-2100d, magnification of apical interior showing pedicle tube; d) A353-2100d, 
posterior view of apical interior; e) A353-2100c, ventral valve apical region; f) A353-2100c, ventral 
valve apical region; g) 22.344.G13a, ventral valve posterior view; h) 22.344.G13f, ventral valve lateral 
view; i) A357-1, ventral valve showing pedicle foramen; j) A353-2091b, ventral valve; k) A353-2100c, 
ventral valve lateral view; l) A353-2100d, ventral valve. All scale bars 100µm, except (c) 10µm & (e) 
20µm.  
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PLATE 15 
Figs. (a) to (h) Eurytreta sabrinae a) A72a, dorsal valve; b) RU219, dorsal valve showing median septum 
and cardinal muscle scars; c) RU219, dorsal valve oblique view; d) RU6778, dorsal valve; e) A473, 
dorsal valve; f) Ru218, dorsal valve; g) Ru218, magnification of fig. f showing detail of median septum; 
h) Ru218, dorsal valve; Figs. (i) to (n) Eurytreta malvernensis i) A72a, dorsal valve, oblique view; j) 
A490, ventral valve; k) A489, ventral valve; l) A486, dorsal valve showing median septum and cardinal 
muscles; m) A473a, dorsal valve oblique view; n) A474, dorsal valve showing median septum and 
cardinal muscles; Figs. (o) to (r) Odontotreta? sp. o) Dew7138, ventral valve; p) Dew7138, ventral valve; 
q) Dew7138, ventral valve, enhanced magnification of larval sell; r) Dew 7137, dorsal valve. All scale 
bars 200µm except (q) 50µm; (r) 100µm. 
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PLATE 16 
a) Micromitra pusilla Pe2347D, ventral valve, oblique view; b) Micromitra pusilla A76, ventral valve; c) 
Micromitra cf. pusilla D2651, mould of ventral valve showing valve outline; d) Paterina labradorica 
A287, ventral valve fragment showing radial ornament; e) Paterina labradorica 54260, ventral valve 
showing apex and radial ornament; f) Paterina labradorica 54264, ventral valve showing apex and radial 
ornament; g) Paterina cf. labradorica A294, posterior view of conjoined valves; h) Paterina cf. 
labradorica A294, ventral valve; i) Paterina cf. labradorica A294, dorsal valve; j) Paterina phillipsii 
Te46, ventral valve; k) Paterina phillipsii Te44, ventral valve; l) Paterina phillipsii A59583, ventral 
valve; m) Paterina phillipsii 54252, mould of ventral valve showing imprint of apical knob; n) Paterina 
phillipsii A51028, ventral valve showing posterior projecting knob; o) Paterina phillipsii 85662, ventral 
valve; p) Paterina minor A293, ventral valve; q) Paterina minor A291(a), ventral valve; r) Paterina 
minor A291(b), dorsal valve. Scale bars: (a), (b), (c), (j) 200µm; (d), (e), (g), (h), (i), (m), (p) 1mm; (f), 
(k), (l), (n), (o), (q), (r) 500µm. 
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PLATE 17 
a) Paterina rhodesi 54258, ventral valve; b) Paterina rhodesi 54258, ventral valve; c) Paterina rhodesi 
A343, mould of ventral valve showing valve outline; d) Paterina rhodesi 54262, ventral valve fragment 
showing ornament of growth lines; e) Paterina rhodesi 54259, ventral valve; f) Paterina sp. 1 AT1124, 
ventral valve; g) Paterina sp. 1 54266, ventral valve showing radial ribs; h) Paterina sp. 1 AT1124, 
fragment of ventral valve showing shell structure; i) Paterina sp. 2 54259, ventral valve; j) Paterina sp. 2 
54254, ventral valve; k) Aldanotreta sp. 1 A283, ventral valve interior; l) Aldanotreta sp. 1 A282, ventral 
valve; m) Aldanotreta sp. 1 A282, zoom on shell structure and pustulose ornament; n) Aldanotreta sp. 1 
A283, zoom on shell structure; o) Aldanotreta sp. 2 A59583, ventral valve exterior; p) Aldanotreta sp. 2 
A59583, posterior view of ventral pseudointerarea; q) Askepasma lapworthiA174, ventral valve; r) 
Paterina labradorica RR1139, posterior view showing open triangular delthyrium. All scale bars 1mm, 
except for (h), (m), (n) 50µm.  
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APPENDIX 1: SUMMARY OF CAMBRIAN SUCCESSIONS IN ENGLAND AND WALES 
This appendix includes summary tables showing stratigraphy, lithology, depositional environment and palaeontology of Cambrian successions of the southern British 
Isles. The information recorded in the tables is largely taken from Brenchley et al. (2006) and Rushton (1974) supported by other references where appropriate. 
Brachiopod faunas listed in this appendix are as previously published and referenced; they have not been updated to reflect the outcome of this study. 
Harlech Dome 
The Cambrian sequence in the Harlech Dome is represented by two major cycles of sedimentation, the Harlech Grits Group and the Mawddach Group, deposited in an 
extensional basin. The sediments are thickest in the centre of the Harlech Dome and thin to the northwest in the direction of the Irish Sea Horst complex.  
The Harlech Grit Group is predominantly greywacke sandstone and silty mudstones, over 2,000m thick. The sediments represent the first phases of the development of 
the Welsh Basin with early shallow-marine sediments followed by deeper water turbidites. The sequence has been described in detail by Allen & Jackson (1985) and 
Griffiths (1987). Rushton (1974) stated that no fossils of stratigraphic value have been collected from the Group and the age of the group is inferred from lithological 
correlation with the St Tudwals succession. 
The Mawddach group is of middle – upper Cambrian age and includes more diverse faunal assemblages than underlying beds. The group begins with the Clogau Fm 
(correlated with the Nant-y-big Fm. in St Tudwals). These sediments are followed by a marked regression at the end of the middle Cambrian with biostratigraphical and 
sedimentological breaks identified at the top of the Clogau Fm. in Harlech, Nant-y-big Fm. in St Tudwals and the Abbey Shales in the English Midlands sections. This 
hiatus has been identified across the whole of Avalonia (Landing 1996). The Dolgellau Fm. rocks are characteristic of the Olenid biofacies and similar strata extend 
across the Welsh Basin, Midlands Shelf of England and much of Avalonia as well as Baltica. 
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Age Formation Lithology Environment Palaeontology 
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Dolgellau Fm. Black pyritic and thinly laminated 
carbonaceous mudstone. Small phosphatic 
nodules and some calcareous concretions. 
Tuffaceous beds near top yielded ages of 
491Ma (Davidek et al 1998) and 489Ma 
(Landing et al 2000). 
Hemipelagic and low concentration turbidites. Quiet 
conditions. Poorly oxygenated. Characteristic of 
Olenid biofacies. (Brenchley et al. 2006). 
Early beds deposited in shallow marine conditions and 
upper beds are condensed deposits from quiet waters 
(Rushton 1974). 
Succession of Olenid faunas covering 10 
zonal units (Howells & Smith 1997, p.14). 
Sequence is condensed. 
 
Orusia lenticularis is very common near 
base. Also horny brachiopods recorded in 
the upper beds. 
Ffestiniog Flags Fm. Flaggy sandstone alternating with silty 
mudstone. 
 
Some hummocky cross stratification, ripples, 
scour and fill and even mud cracks. 
Shallow water, above wave base. Subsidence and 
deposition kept pace with each other and were rapid 
(Prigmore et al 1997). 
Abundant Lingulella davisii, trace fossils 
(Skolithos, Cruziana, Rusophycus), rare 
trilobites (Allen et al 1981, p.311) – only 
one trilobite zone therefore represents 
rapid deposition.  
Maentwrog Fm. Fine sandstone and silty mudstone with some 
turbidites (Allen et al 1981). 
Upper beds are more argillaceous shales. 
Deep basin turbidites (Allen et al 1981, Crimes 1970). Some finer beds yield early Late Cambrian 
Olenid trilobite faunas of the Olenus zone 
(Rushton 1974). 
Finer beds in the upper part of the 
sequence contain abundant distorted 
trilobites of the upper Olenus zone 
(Rushton 1967). Lingulella is recorded. 
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Clogau Fm. Dark laminated mudstone w. black pyritous 
layers (Pratt et al. 1995), phosphate nodules 
and bentonite beds (Roberts & Merriman 
1990). 
Correlates with other sections in England 
(Abbey Shales) and Wales (Nant y big Fm.) 
Benthic. Calm but not necessarily deep water 
(Rushton 1974). 
Diverse Middle St Davids age benthic 
fauna including trilobites (agnostids and 
paradoxidids), inarticulate brachiopods 
sponges and other shelly fossils. 
Trilobites indicate Ptychagnostus 
punctuosus zone. 
H
ar
le
ch
 G
ri
ts
 G
ro
u
p
 
Gamlan Fm. Greywacke grits, flaggy sandstone and shales 
(Cowie et al 1972).  
Offshore marine A few inarticulate brachiopods and 
trilobite fragments (Matley & Wilson 
1946). 
Barmouth Fm. Greywacke (similar to Rhinog grits). Proximal turbidites (Crimes 1970).  
Hafotty Fm Siltstone and mudstone with some sandstone. 
Manganese beds used for correlation. Upper 
beds are shales. 
Offshore marine  
P
la
ce
n
ti
an
 a
n
d
 
B
ra
n
ch
 
 
Rhinog Fm. Medium to coarse greywacke with some finer 
beds 
Proximal turbidites deposited in deep water (Crimes 
1970). 
 
Llanbedr Fm. Silty mudstones (base of transgressive 
sequence) 
Prodeltaic Inarticulate brachiopod fragments recorded 
by Matley & Wilson (1946, p.10-11).  
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Age Formation Lithology Environment Palaeontology 
Dolwen Fm. Basal Conglomerate and cross bedded deltaic 
sandstones 
Deltaic  
 
 
North Wales – St. Tudwals Peninsula 
This sequence is similar to that exposed in the Harlech Dome. The section was reviewed and updated by Young et al. (1994) who revised the section with local names to 
reflect the differences from the Harlech Dome sequence. The base of the Maentwrog Fm. at St Tudwals contains reworked middle Cambrian fossils which Young et al 
(1994) inferred as representing an extended period of erosion. 
Age Formation Lithology Environment Palaeontology 
Upper Ffestiniog Flags Fm. Flaggy sandstone alternating with silty 
mudstone 
Shallow water, above wave base Abundant Lingulella 
davisii, 
Trace fossils (Skolithos, 
Cruziana, Rusophycus) and 
rare trilobites. 
Maentwrog Fm. Fine sandstone and silty mudstone showing 
hummocky cross stratification.  
Shallow sea under influence of 
storms (Bose 1983). Presumed 
proximity to Irish Sea Horst 
Complex. 
Bed at base contains 
reworked late Middle 
Cambrian fossils indicating 
hiatus at Middle-Upper 
Cambrian boundary 
(Young et al. 1994). 
Middle Nant-y-big Fm. Dark laminated mudstone (as per Clogau Fm. 
In Harlech Dome). 
Benthic. Calm but not necessarily 
deep water (Rushton 1974).  
Diverse trilobite faunas. 
Lower part includes 
Tomagnostus fissus zone 
fauna and upper part 
includes Hypagnostus 
parvifrons zone faunas. 
Ceiriad Fm. Upper and lower mudstone (fine grained 
Siltstone) separated by flaggy sandstones 
(Nicholas 1915).  
Offshore marine.  Tomagnostus fissus 
(indicative of fissus zone). 
Also Paradoxides hicksii, 
Peronospis scutalis, 
Ptychagnostus spp. and 
Eodiscus scanicus. 
Cilan Fm. Greywacke, similar to Barmouth Grits. Proximal turbidites  
Lower Trwyn-y-Fulfran Fm. Sandstones and Manganese rich mudstones. 
Correlates with Hafotty Fm. 
Offshore marine  
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Age Formation Lithology Environment Palaeontology 
Hells Mouth Grit Greywacke grit beds with mudstones. 
Rhythmic units generally coarse at the base 
passing up into siltstone and mudstone. 
Petrologically similar to Rhinog grits in 
Harlech. Detailed descriptions provided by 
Bassett & Walton (1960). 
Proximal turbidites with finer beds 
deposited in quite conditions and not 
necessarily shallow water (Rushton 
1974). 
 
late Early Cambrian 
trilobites (Bassett et al. 
1976). 
Trace fossils (burrows) and 
siliceous sponge spicules. 
 
North Wales – Caernarvonshire Slate Belt 
These sediments were deposited in local fault controlled basins along the margin of the Irish Sea Horst Complex (Brenchley et al 2006). 
Bangor/Bethesda area 
Age Formation Lithology Environment Palaeontology 
Upper Marchlyn Fm. Silty mudstones and laminated sandstone. Coarse equivalent of Maentwrog 
and Ffestiniog formations. 
Shallow marine  Some trace fossils towards top of section 
indicate shallow water conditions (Crimes 
1970). 
 
“Middle” 
Uncertain 
Bronllwyd Grit Graded greywackes with cleaved slaty beds. Offshore marine Lack of fossils therefore age and correlation 
remains uncertain (Brenchley et al 2006).  
Lower Llanberis slates Well cleaved laminated silty mudstones with turbiditic sandstone beds. 
Compston et al. (2002) and Landing (1996) indicate continuous deposition 
over around 40Ma for the Llanberis slates and Fachwen Fm (Precambrian) 
in the Bethesda area.  
Offshore marine Bassett et al. (1976) identified mid-Branch 
trilobites in the upper beds. Older than Hells 
Mouth Fm. at St Tudwals. 
 
Bangor Fm. Sandstone and conglomerate with acidic tuffite (similar to Minfordd Fm). Nearshore marine Sponge spicules indicate Cambrian age 
(Rushton 1974). 
Minfordd Fm. Sandstone and conglomerate with acidic tuffite (Reedman et al 1984).  Nearshore marine Sponge spicules indicate Cambrian age 
(Rushton 1974). 
 
Nanttle area 
Age Formation Lithology Environment Palaeontology 
Upper Dolgellau Fm. 6m of dark laminated shales Offshore marine Trilobite fauna of Parabolina spinulosa zone 
(Shackleton 1959). 
Marchlyn Fm. Silty mudstones and laminated sandstone. Coarse 
equivalent of Maentwrog and Ffestiniog formations. 
Shallow marine  Some trace fossils towards top of section 
indicate shallow water conditions (Crimes 
1970). 
“Middle” 
Uncertain 
Cymffyrch Grit Graded greywacke (equivalent to Bronllwyd grit of 
Bangor area). 
Offshore marine  
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Age Formation Lithology Environment Palaeontology 
 
Lower Llanberis slates Well cleaved laminated silty mudstones with turbiditic 
sandstone beds. 
Offshore marine Bassett et al. (1976) identified mid-Branch 
trilobites in the upper beds. 
Glog Grits Coarse and fine sandstone, silty and slaty beds Shallow water marine (Crimes 
1970). 
 
Cilgwyn Conglomerate Conglomerate Shallow marine  
Tryfan Grits Coarse cross bedded sandstone with some tuffs.  Early Cambrian transgression.  
 
 
South Wales – St Davids  
The two main areas of Cambrian exposure in South Wales are around St Davids, sediments deposited in the south of the Welsh Basin, and Llangynog which lay at the 
break between the shelf and basin during much of the Lower Palaeozoic (Brenchley et al. 2006). 
In the St Davids area there are two major cycles of sedimentary deposition, the first represented by the Caerfai, Solva and Menevian groups and the second by the 
Lingula flags. Prigmore & Rushton (2000) provide a detailed summary of the sedimentology and palaeontology of the exposures. The lower Cambrian Caerfai Group is a 
transgressive sequence, deposited in a shallow subsiding basin followed by a period of erosion before the middle Cambrian Solva Group was deposited (Rushton 1974). 
The Solva group deposits were formed in shallow marine conditions, with some current agitation, and the Menevian Group represents slow deposition in quiet 
conditions. The Lingula flags represent a significant change in environment to deposition in a rapidly subsiding shallow marine environment.  
Siveter and Williams (1995) identified correlation of the Caerfai Bay Shales with the Callavia sandstone of Shropshire, of lower Branch age based on the presence of 
Indiana lentiformis.  
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Age Formation Informal 
Divisions 
Lithology Environment  Palaeontology 
U
p
p
er
 
Lingula Flags  Alternating sandstone and silty 
mudstone. Hummocky cross 
stratification and ripple marks.  
Nearshore marine/intertidal, 
shallow water (Crimes 1970). 
Lingulella davisii is found in abundance. 
However some trilobites indicative of Olenus 
zone are found in finer grained beds 
(Brenchley et al. 2006). 
M
id
d
le
 
 
M
en
ev
ia
n
 B
ed
s 
Upper Massive sandstone beds with black 
mudstone. 
Possible turbidites or current 
agitated shallow marine (Rushton 
1974). 
Billingsella? Hicksii and also some trilobites 
(Hicks 1892). Indicate equivalent to 
Paradoxides forchhammeri zone of 
Scandinavia. 
Middle Laminated mudstone (darker than 
lower Menevian beds and fewer 
sandy horizons). 
Below wave base, low 
concentration turbidity currents . 
Similar to Clogau Fm. in north 
Wales. 
Diverse trilobite fauna from Hypagnostus 
parvifrons and P. punctuosus zones.  
In addition Linnarssonia sagittalis, plus 
hyoliths and sponges (Rushton 1974). 
Lower Laminated mudstone and thin 
sandstone (Roberts & Merriman 
1990). 
Lower delta slope and pro-delta 
(Indicated by slump structures). 
 
Trilobite fauna includes Tomagnostus fissus 
and Plutonides hicksi (therefore T. fissus 
zone). 
 
S
o
lv
a 
G
ro
u
p
 
Upper  Grey, fine grained flaggy sandstone 
with burrows and ripple cross 
lamination with some mudstone 
Nearshore marine, probably below 
wave base (Prigmore and Rushton 
2000) or possibly on a delta slope 
(Brenchley et al. 2006). 
Rare trilobites of probable Ptychagnostus 
gibbus zone (Rushton 1974). 
Middle  Medium grained turbiditic beds with 
local conglomerate 
Shallow water – evidence of 
shallow water trace fossils (Crimes 
1970) 
Infrequent inarticulate brachiopods and 
trilobite fauna of late Paradoxides oelandicus 
zone (Rushton 1974). 
Lower Coarse sandstones, tidal reworking Shallow water (Skolithos burrows), 
delta fan 
Trilobite fauna, hyoliths and sponges. 
Indicative of early, though not base, middle 
Cambrian age (Brenchley et al 2006) 
equivalent to Paradoxides oelandicus zone 
(Rushton 1974). 
L
o
w
er
 
Caerbwdi Sst.  Purple, micaceous sandstones 
(bioturbated). 
Probably shallow water, nearshore 
marine (Crimes 1970). 
No known fossils – age unknown 
Caerfai Bay 
Shales 
 Bioturbated red mudstone. 
 
Offshore marine, deeper, 
oxygenated water influenced by 
storm waves (Brenchley et al. 
2006). 
Indiana lentiformis, therefore correlates with 
the Callavia Sandstone of Shropshire – lower 
Branch age (Siveter & Williams 1995).  
Inarticulate brachiopods (Lingulella). 
St Nons Sst  Green feldspathic sandstones with 
hummocky cross stratification 
Nearshore marine, shallow water Skolithos burrows (indicate shallow water). 
 
Conglomerate  Basal conglomerate marking the 
early Cambrian transgression 
Nearshore marine  
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South Wales – Llangynog (Tywi lineament)  
This is a small inlier with poor exposures which lay close to the edge of the Welsh basin. Cope and Rushton (1992) provided a summary of the succession as a result of 
temporary/artificial exposures. No beds of St Davids age are known. 
Age Formation Lithology Environment Palaeontology 
U
p
p
er
 
Dolgellau Fm. Dark mudstones See Harlech Dome succession Olenid trilobites indicative of the Peltura 
zones of the mid-Merioneth (Cope and 
Rushton 1992). 
Ffestiniog Fm. Micaceous sandstone and siltstone See Harlech Dome succession  
Treffgarne Bridge beds Mudstones Nearshore marine Trilobites of comparable age to Menevian 
Group (Cope & Rushton 1992). 
L
o
w
er
 
Allt y Shed Sst Green and olive siltstones and sandstone 
with one limestone unit 
Nearshore, shallow marine. Limestone has yielded agglutinated 
foraminiferans (Cope and McIlroy 1998). Age 
uncertain but inferred early Cambrian. 
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Malvern – Llandovery 
The Cambrian succession in the Malvern area is generally similar to the rocks of Shropshire. The Lower Cambrian sandstones represent deposits in a shallow marine 
environment with current influence. No beds of St Davids age are known, possibly as a result of tectonic uplift (Rushton 1974). The Merioneth series is represented by a 
series of shales laid down in a quiet open marine environment. 
The succession was first documented in the 19th Century by Phillips (1848) and Holl (1865). A more detailed review was undertaken by Groom (1902) and the 
succession was reviewed again by Stubblefield (1966) and Worssam et al. (1989). 
Age Formation Lithology Environment Palaeontology 
Upper White Leaved Oak 
Shales 
Dark shales and some sandstone beds.  
 
Offshore marine Inarticulate brachiopods and hyolithids 
identified in the lower shales and assigned to 
Olenus zone by Rushton (1969). 
 
Main sequence yields Broeggeria salteri and 
Orusia cf. lenticularis as well as a diverse 
trilobite fauna. The majority of species indicate 
Peltura scarabaeoides zone. 
Lower Hollybush Sst. Predominantly sandstones with some 
shales. 
Similar to the Lower Comley Sandstone 
(Fleet 1925 and Worssam et al. 1989). 
Nearshore marine Paterina phillipsi and hyolithids.  
Stubblefield (1966) considered the fauna to 
represent Comley series age.  
Malvern Quartzite Hard quartzite.  Shallow marine, shoreface  Inarticulate brachiopods including Paterina 
labradorica, P. phillipsi, Obolella crasai, O? 
Groomi and Kutorgina? anglica in addition to 
hyolithids (Rushton 1974). 
The fauna indicates Comley series age similar 
to Lower Comley Sandstone (Stubblefield 
1966). 
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Shropshire/Comley (Caer Caradoc-Lawley) 
Cambrian strata in Shropshire are poorly exposed and generally form small outcrops along the Church Stretton Fault zone. Cobbold produced a number of papers in the 
1920’s which set out the sequence of Cambrian rocks in the area. In particular Cobbold (1921) summarises the sections in the Comley area and Cobbold and Pocock 
(1934) detail the sequence in the Rushton area. 
Whilst deposition was generally continuous in the Welsh Basin and on the stable midlands platform, there were many interruptions in the depositional sequence in 
Shropshire, which is largely composed of shallow water sandstones and limestones, with increasing amounts of argillaceous sediments later in the Cambrian.  
The Lower Comley Sandstones were deposited on a slowly subsiding pre-Cambrian surface and the succeeding limestones are each separated by a break in deposition 
apparently representing significant hiatuses (Landing 1996). A period of uplift, erosion and folding marks the Comley/St Davids boundary and the first St Davids beds 
are shallow water sandstones with shales. Again there are a number of breaks in the sequence, particularly between late St Davids and early Merioneth strata (Rushton 
1974). The Merioneth rocks correlate with the Dolgellau Fm. of north Wales and were also deposited in a quiet offshore marine setting. The late Cambrian is followed by 
thick Tremadoc deposits (the Shineton Shales) laid down in a large sedimentary basin (Rushton 1974). 
Brasier (1989) provides a summary of the sequence in Shropshire including detailed faunal lists for each formation. These include inarticulate brachiopods, small shelly 
fossils and trilobites. In addition Brasier (1989a) includes details of the correlation of the Shropshire and Nuneaton sequences with those of Avalonian Newfoundland 
where the Shropshire sequences are seen to be the inverse of those in Newfoundland and Nuneaton. Although Brasier (1989a) considers the fauna of the Shropshire 
sequence to be similar to Newfoundland, lithologically he considers the sequence to be more akin to similar beds in Baltica. 
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Age Formation Lithology Environment Palaeontology 
Upper Bentleyford Shales Black shales including bituminous 
limestone concretions.  
Offshore marine Olenid trilobite faunas of the Peltura minor zone.  
Orusia Shales Grey, silty shales with some sandstone. Offshore marine Fauna indicative of Parabolina spinulosa zone in 
the Merioneth series (Cobbold, 1927, p.557). 
Middle Upper Comley Sandstone 
: Quarry Ridge beds 
: Hill House beds 
: Shoot Rough Road beds 
Thick sequence of sandstones and 
mudstones. Rushton (1974) provides 
detailed breakdown of each division 
and Cobbold (1921, p.326) divided the 
strata into his Ba1 to Ba3, Bb1 to Bb5, 
and Bc beds. 
Offshore marine Succession of St Davids faunas identified (Greig et 
al. 1968). 
Rushton (1974, pp. 98-99 summarises the fauna 
from each level). These include trilobites and a 
range of inarticulate brachiopods.  Rushton and 
Berg-Madsen (2002) have reviewed the 
‘Paradoxides forchhammeri’ grit and identified a 
fauna of punctuosus zone age – older than the 
original age assigned by Cobbold & Pocock 
(1934). 
 
Lower Comley Limestones 5 limestone beds less than 2m thick in 
total. Increasingly phosphatic with time. 
These limestones are represented by 
Cobbold’s (1921) Ac2 to Ac5 and Ad 
divisions. Each is lithologically and 
faunally distinct. 
Nearshore marine, 
shallow marine. 
The limestones are very fossiliferous with each 
bed faunally distinct (Cobbold 1910, 1921, 1931). 
Fossils include inarticulate brachiopods and 
abundant trilobites. 
Rushton (1974, pp. 96-97) summarises in detail 
the faunas of each bed. Brasier 1989 provides lists 
of fauna including range chart. 
The faunas indicate mid-late Branch age (Brasier 
1989, Brenchley et al. 2006). 
Lower Comley Sst. Micaceous, glauconitic sandstone with 
some shales. 
Similar to Hollybush sandstone in 
Malvern area (Worssam et al. 1989). 
 
Cobbold (1921) identified 5 
subdivisions based on fossils (Ab1 to 
Ab4 and Ac1). 
 
Nearshore marine Small shelly fossils of possible Placentian age 
(Brasier 1989). 
Lowest trilobite of Branch series identified in 
middle of the formation. 
Inarticulate brachiopods include Obolella groomi, 
O. atlantica var. comleyensis, Paterina phillipsi, 
P. cf. labradorica, Walcottina lapworthi, W. 
elevata, Acrotreta gemmula, Acrothele prima, 
Kutorgina anglica and Lingulella (Brasier 1989). 
Cobbold also used trilobites to subdivide the strata 
(e.g. The Callavia Sandstone (Ac1)). 
Wrekin Quartzite Hard quartzose sands with shallow 
water structures including ripple marks 
Shoreface marine 
sands 
Trace fossils and one inarticulate brachiopod 
fragment (Cowie and Johnson 1985). 
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Midlands – Nuneaton  
There are three areas of Cambrian outcrop in the Midlands, the biggest by far being around Nuneaton, although boreholes suggest a widespread subsurface distribution of 
Cambrian strata. Wills and Shotton (1934) suggest that a sequence of quartzites overlain by shales was probably deposited across the Midlands platform following the 
early Cambrian transgression.  
The shallow marine quartzites of the Hartshill Formation are overlain by the thick Stockingford Shale Group which was deposited on a stable, gently subsiding cratonic 
area (Brenchley et al. 2006) from the late lower Cambrian through into the early Ordovician. The Group is subdivided into seven members mainly on lithological 
grounds. In general the formations alternate from bioturbated mudstone with sandstone beds with ripples and cross lamination representing oxygenated conditions and 
dark pyrite rich mudstones typical of lower oxygenation conditions (Bridge et al. 1998, p.30). 
The top of the Abbey Shale Formation represents a widespread marine regression identified across Avalonia by Landing (1996) and reported by Rushton (1978). 
Brasier (1989) provides a summary of the Nuneaton sections including detailed faunal lists for each formation, including inarticulate brachiopods, small shelly fossils 
and trilobites. Bridge et al. (1998) set out the detailed geology of the area.  
Brasier (1989) sets out details of correlation between the Nuneaton sequence and those of Newfoundland indicating that the sequence in the Midlands shows “remarkable 
lithological and palaeontological similarities with the sequence in south east Newfoundland”. 
Conway Morris et al. (1998) identified Lower Cambrian halkieriid sclerites from the Withycombe Formation, from borehole material in Oxfordshire. McIlroy, in an 
unpublished PhD thesis recorded brachiopods from within this formation. Together, these assemblages confirm the age of the Withycombe Formation as Lower 
Cambrian, equating to between the Hartshill Formation and Home Farm Members of the Nuneaton sequence. 
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Age  Formation Lithology Environment Palaeontology 
Upper 
S
to
ck
in
g
fo
rd
 S
h
al
e 
G
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u
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Merevale Shale Fm 
(part) 
Grey mudstones. Offshore marine Passes up into Tremadoc but no 
distinctive boundary faunas 
identified. 
Monks Park Farm 
Shales 
Predominantly dark, pyritous 
mudstones. Comparable with 
Dolgellau Fm. in north Wales. 
Dysaerobic conditions Olenid trilobites indicate a range of 5 
zones and 12 sub-zones (Taylor and 
Rushton 1972).  
Moor Wood Fm. Flaggy sandstones – only locally 
developed 
Slumping structures indicate 
nearshore slope deposits (Taylor 
and Rushton 1972). 
Taylor and Rushton (1972) identified 
the age as Parabolina spinulosa zone. 
Outwoods Fm. Grey bioturbated mudstones with 
some dark pyritous layers  
Dysaerobic marine conditions Olenid facies trilobite faunas in 
dysaerobic pyritous layers. Faunas 
indicate lowest Merioneth Agnostus 
pisiformis and Olenus zones (Taylor 
and Rushton 1972, Rushton 1983). 
Middle Mancetter Fm. Basal conglomerate. 
Grey mudstones form the majority of 
the formation 
Shoreface conditions reflected by 
basal conglomerate. 
Deeper water marine conditions 
represented by mudstones. 
Taylor and Rushton (1972) and 
Rushton (1978) identified middle 
Cambrian Lejopyge laevigata zone 
faunas. 
Abbey Shale Fm. Dark pyritous mudstone 
Similar to Clogau and Menevian 
formations of Wales 
Low levels of oxygenation Diverse benthic fauna (trilobites, 
inarticulate brachiopods including 
Linnarssonia sagittalis, sponges and 
hyoliths). 
Illing (1916) identified 22 horizons 
based on trilobite faunas ranging 
from the Ptychagnostus gibbus to P. 
punctuosus zones  
 
Purley Shale Fm. Fine grained red mudstones with 
limited sandstone 
Oxygenated conditions High Branch to low St Davids faunas 
have been recorded by Rushton 
(1966) and Brasier (1989). 
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Age  Formation Lithology Environment Palaeontology 
Lower 
H
ar
ts
h
il
l 
F
m
. 
 
Camp Hill Quartzite Sandy micaceous shales and 
calcareous sandstones and the 
Hyolithes “limestone”. 
Shallow marine Cobbold (1919) described a fauna 
including Paterina phillipsi, hyoliths 
and sponges but no trilobites. 
Missarzhevsky (in Cowie et al 1972) 
suggested these beds represent the 
early Comley (pre-trilobite) series. 
 
Home Farm Member Sandstones, some carbonaceous and 
phosphatic 
Offshore marine, deeper water Fossils of Placentia age identified by 
Brasier (1984).  
Rozanov (1975) identified a mall 
shelly fauna of Tommotian type. 
Also Brasier (1989) identified a 
succession of faunas and depositional 
hiatuses. 
Fauna includes Micromitra phillipsi, 
Obolella groomi, small shelly fossils 
and fragments of inarticulate 
brachiopods (Brasier et al. 1978) 
Tuttle Hill Member Quartzite sandstones some showing 
burrows, current bedding, ripple 
marks and desiccation cracks. 
Shallow water, shoreface, storm-
influenced. 
Fauna is listed in Brasier 1989 
Park Hill Member Quartzite sandstones some showing 
burrows, current bedding, ripple 
marks and desiccation cracks. 
Shallow water, shoreface, storm-
influenced. 
Fauna is listed in Brasier 1989 
Boons Member Locally developed basal beds are 
coarse immature deposits of the early 
Cambrian transgression (Bridge et al. 
1998).  
Shallow marine  
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APPENDIX 2: LIST OF SPECIMENS 
Taxon Specimen references 
Paterinids  
Micromitra pusilla BGS: Pe2347D, Pe2347H 
OUM: A0072, A0074, A0076, A0078 
Micromitra cf. Pusilla BGS: D2650, D2651 
Paterina labradorica BGS: 54248, 54260, 54261, 54264, 54265 
OUM: A00176, A00231, A02505, A2506, A869 
SM: A301(1), A302(2) 
 
Paterina cf. Labradorica SM: A294 
Paterina minor SM: A291, A293  
OUM: A002232 
BGS: 30853, 30854 
21 valve fragments on slides PW2 and PW(B3) 
 
Paterina phillipsii BGS: ZV9636, 54249, 54250, 54256, 54252, 54246, 
54247, 85662, Te44, Te46, 51136, RX8, RX9; 30852 
BU: 9815-1, 9815-2, 9815-3 
OUM: A00175, A00857, A00869, A00079, A00081, 
A00086, A00088, A00090, A00091, A02417, A02418, 
A02419, A02420, A02422 
SM: A51027, A51028, A51029, A60307 
Paterina rhodesi BGS: sv9635, 54258, 54262, 54263, 30849, 30850 
OUM: A00175, A00858, A00089 
SM: A281, A295, A343  
Paterina sp. 1 BGS: AT1124, AT1125, RR 1139 
Paterina sp. 2 BGS: 54254, 54259 
Askepasma kingi BGS: 30851 
Aldanotreta? anglica BGS: 51669 
Aldanotreta sp. 1 SM: A282, A283 
Aldanotreta sp. 2 SM: A59583 
Aldanotreta sp. 3 OUM: A0175 
Askepasma lapworthi OUM: A82, A84, A84a, A85, A87, A174, A175 
BGS: 30855 
Acrotretidae  
Linnarssonia sagittalis BGS: LZB 7580a, GSM 57823, GSM 57824, GSM 
57878, BDA2463 
NMW: 75.25G.160; 80.34G.1365, 80.34G.1608, 
80.34G.759 
OUM: A00177, A00178 
SM: A382, A105, A601b, A54612, A54615, A54621, 
A54622, A54623, A54624, A54625, A54626, A54627, 
A54628, A54613, A54614, A54354, A54355, A54357, 
A54358, A54360, A54361, A54365, A54366, A54367, 
A54368, A54369, A54370, A54371, A54372, A54373, 
A54374, A54375 
NHM: BB34790 (lectotype) 
 
Linnarssonia cf. Taconica BGS: GSM 51674, GSM51795 
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Taxon Specimen references 
Linnarssonia? comleyensis 
 
BGS: D312, LZB 7581, D263  
SM: A362, A373, A374, A381a, A381b, A381c 
NHM: B34859, B34860 
Linnarssonia? cobboldi BGS: DEW6935-5 
SM: A353 – 2076, A353 – 2088, A354 -2073, A354, 
A355-2074, A355 - 2101  
 
Linnarssonella sp.  BGS: GSM16894, 16895, 16897, 16755, 16756, 51673 
Hadrotreta cf. Sera BGS: D232A, D233A, D233D, D233E 
SM: A365, A369, A370 (1802), A370 (1803), A371 
NMW: 22.344.G15a, 22.344.G15b, 22.344.G15c, 
22.344.G15d, 22.344.G16a, 22.344.G16b 
NHM: B43861, B43864 
Hadrotreta matleyi SM: A 101 - 687a; A358; A360; A344; A345-1; A345-
2; A346-1; A346-2; A347; A348-1; A348-2; A348-3; 
A349; A350-1; A350-3; A350-4; A350-5; A350-7; 
A350-8; A353- 2075; A353 – 2089; A353-2091 a; 
A353-2091 d; A353 -2095a; A353-2095b; A353 – 2099; 
A353-2100a; A353-2100b; A353 – 2102; A353 – 2105; 
A353a1; A354 – 2107a; A354-2107b; A354-2086a; 
A354-2086b; A354 – 2096; A354 – 2097; A354 – 2098; 
A354 – 2110a; A354 – 2111a; A354 – 2111b; A354a1; 
A355 – 2094b; A355 – 2101b; A355 – 2114a; A355 – 
2114b; A35 – 2114c; A355 - 2117 
BGS: DEW 6935-1; D2638, D263b 
NMW: 22.344.G13e; 22.344.G14a; 22.344.G14b; 
22.344.G14c 
 
Hadrotreta rushtoni BGS: ZS4522, ZS4523 are part and counterpart of a 
ventral and dorsal valve, GSM 57870 
Stilpnotreta? sp. NMW: 22.344.G13b 
Alexellus perforata SM: A350-6; A351-2; A353 -2091c; A353 – 2091e; 
A353 – 2106; A353 a2; A353a3 
NMW: 22.344.G14d; 22.344.G14e 
BGS: DEW6935-2; DEW 7002 
Clupeafumosus socialis Ventral valves - SM: A 598 - ?671a 1; A 598 – 704; A 
601b (b); A 605b; A 100 a; A 100 e; A 100 f; A 100 g;  
A 96a (1) – 694; A 96a (2) – 694; A 96d (3) – 709; A 
96d (5) – 709. 
Dorsal valves – SM:  A 598 - ?671a 2; A 600; A 601b 
(c); A 100 b; A 100 c; A 100 d; A 101 - 687d; A 101 – 
691; A 95b; A 96a (3) – 694; A 96b – 708; A 96c (1) – 
695; A 96c (2) – 695;  A 96d (1) – 709; A 96d (2) – 709, 
A353 – 2077; A353 – 2104; A354 – 2071a; A354 – 
2071b; A354 – 2110b; A354a2; A354a3 
 
Olentotreta? sp. SM:  A101-687 (x2); A348-5; A353-2091b; A353-
2100c; A353-2100d; A354-2070; A354-2071c; A355-
2101a; A357 
NMW: 22.344.G13a; 22.344.G13c; 22.344.G13d; 
22.344.G13f 
BGS: DEW 6935- 3; DEW 6935 - 4 
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Taxon Specimen references 
Kayleigha paisleyi SM: A104; A604-626; A604-629; A604-630, A348-4; 
A351-1; A351-3; A351-4; A351-5; A353 a4;  
NMW: 22.344.G13g 
 
Odontotreta? sp. BGS: DEW 7137, DEW 7138 
Gen et sp indet A SM: A601a 
Gen et sp indet B BGS He 3201, 3202, 3203 
Neotreta orbiculata BGS: DEW6937A, DEW6951A, DEW6967A, 
DEW6967B, DEW6960, DEW6964, DEW6998 
 
Elkaniidae  
Broeggeria salteri NHM: B4044 (Lectotype), B5904; BB70288, B6013 
 
BGS: 6371 (topotype), 85075 (topotype); 85076 
(topotype), 37233 (topotype);  GSM104549, 
GSM104550, RU305a, RU305b; GM1952, RU7615, 
RU9285, 16921; NHM: B1062, B1066 RU7677, 
RU7678, RU7399, RU7400; 
 
OUM: A00093, A00094), A00855 
 
Acrothelidae  
Acrothele coriacea BGS: DEW7105, Pg3971, DEW6948, DEW6949, 
DEW6966, LZB7603 
NMW: 22.344.G9, 22.344.G10, 22.344.G11, 
22.344.G12 
OUM: A910, A911, A917, A918 
SM: A15460, A596 – 685, A102, A383, A385, A87, 
A388, A389 – 675, A389 – 678, A389 – 680, A 
 
Acrothele sp. A BGS: He3213, He3222, He3236 
NMW: 22.344.G8 
Acrothele sp. B BGS: GSM53704 
Botsfordia pulchra BGS: ZL8181, ZL8182 
SM: A57204, A57214, A57215, A57216, A57217, 
A57219, A58970, A57203,  
Botsfordia sp. A A51155, A51156 
Botsfordia sp. B A596 - 560 
Linguloidea  
Obolus? gibbosus SM: A389, A326 
Obolus linnarssoni BGS: GSM30856, DEW6956, DEW6957, DEW6990, 
DEW6991, RR1896 
Eoobolus davidsoni Slides PW3 and PW5 deposited at the Oxford 
University Museum of Natural History 
Eoobolus sedgwicki Slides PW6 and PW7 deposited at the Oxford 
University Museum of Natural History 
Eoobolus huttoni Slide PW8 deposited at the Oxford University Museum 
of Natural History 
Eoobolus viridis SM: A338, A339, A340, A341, A342, A54342, A54343 
BGS: 59417  
BU: 5968, 5968 
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Taxon Specimen references 
Svenjaella parvus 26 valves (12 ventral and 14 dorsal) referenced as slides 
PW(B)1 and PW(B)2 deposited at University of Bristol 
and PW3 deposited at the Oxford University Museum of 
Natural History.  
 
OUM: A00901, A00902 
BGS: LZB7584, LZB 7585, He 3374a, He 3374b; BU 
5971; SM A15533, A312, A313, A314 
NMW 22.344.G2, 22.344.G3 
 
A further 63 valves were described from the Comley 
Limestone by Hinz (1987) held at the University of 
Bonn, Germany. 
 
Svenjaella minuta 47 valves (32 ventral and 15 dorsal) referenced as slides 
PW(B)1, PW(B)2, PW(B)5 and PW(B)6 deposited at 
University of Bristol and PW3 deposited at the Oxford 
University Museum of Natural History 
Svenjaella outwoodensis BGS: Te18, Te19, Te20, Te21, DEW7160 
Wahwahlingula 
antiquissima 
BGS: Te1, Te2, JR2964, DEW7104, DEW7192, 50601, 
50602, 50603, 50604, 50605, 50606, JR2968, JR2969a, 
JR2969b, JR2971b, JR2971c, JR2972, JR2973, 
RU7676, RU9284, ZL8254 
NMW: 37.332.G123a&b, 53.434.G135, 80.34G.1207 
OUM: A00885 
SM: A608, A54328, A54332, A54333, A54334, 
A54335, A54337, A54338, A54339, A54341, A54344, 
A54345, A54348, A54353, A10781, A10782, A54326, 
A57200, A57212, A57213, A57281,  
Elliptoglossa? sp. OUM: A00865; A00866 
Lingulepis cf. acuminata BGS: RU2156, RU2157, RU2158, ZL8145, ZL8146, 
ZL8187, DEW7199 
OUM: A02199a&b, A00182 
SM: A6667a&B, A109, A54347, A54350, A54351, 
A57198, A57199, A57201, A57202, A607 
NMW: 27.110.G140a, 27.110.G140b, 27.110.G140c, 
27.110.G140d, 27.110.G140e, 27.110.G140f, 
27.110.G140g 
Lingulella davisii Too numerous to list individually 
Lingulella ferruginea NMW: 80.324.248 a&b 
BGS: JR2971a, JR2974a&b,  
Lingulella sp. OUM: A02234 
NMW: 62.24.G25, 62.24.G28.1, 62.24.G28.2, 
84.27G.497, 84.27G.498  
SM: A66607, A389 
Obolid sp. indet  SM: A54356; A54359; A54362; A54363. 
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APPENDIX 3: CHARACTERS USED IN CLADISTIC ANALYSIS OF ACROTRETOIDS 
1. Shell Structure: 0. baculate; 1.microgranular; 2.columnar or camerate 
2. Relative valve size: (Ordered) 0. equivalved; 1. inequivalved; 2. strongly inequivalved 
3. Larval shell size: 0. small; 1. large  
4. Larval shell ornament: 0. absent; 1. pitted; 2. pustulose 
5. Break in slope of larval/adult shell: 0. absent; 1. present 
6. Hollow spines: 0. absent; 1. present  
7. Valve outline: 0. transverse oval; 1. subcircular/circular; 2. elongate oval; 3. (sub)triangular; 
4. (sub)quadrate 
8. Visceral fields: (Ordered): 0. low; 1. thickened; 2. high platform;  
9. Post larval ornament: 0. absent; 1. present 
10. External concentric ornament: (Ordered) 0. absent; 1. fine concentric ridges/lamellae;  
2. fine rugae; 3. coarse rugae 
11. External radiating ornament: 0. absent; 1. present 
12. Ventral pseudointerarea: 0. acrotretoid; 1. well developed; 2. narrow; 3. absent 
13. Acrotretoid pseudointerarea - shape: 0. convex, well defined laterally; 1. convex;  
2. poorly defined laterally; 2. flattened; 3. vestigial 
14. Acrotretoid ventral pseudointerarea - division: 0. undivided; 1. divided – intertrough; 2. 
divided - interridge 
15. Acrotretoid ventral pseudointerarea - inclination: (Ordered) 0. apsacline;  
1. catacline; 2. procline; 3. orthocline 
16. Posterior margin: 0. wide convex; 1. short convex; 2. straight; 3. concave 
17. Ventral Flexure lines: 0. absent; 1. present 
18. Pedicle groove: 0. absent; 1. present  
19. Foramen/larval shell relationship: (Ordered) 0. enclosed; 1. partly enclosed;  
2. not enclosed 
20. Location of foramen: 0. absent; 1. posterior to beak; 2. anterior to beak; 3. apical 
21. Resorption around foramen: 0. absent; 1. present  
22. External pedicle tube: (Ordered) 0. absent; 1. short; 2. long 
23. Larval pedicle opening: 0. marginal notch in larval shell; 1. within larval shell 
24. Interior pedicle foramen: 0. anterior to apical process; 1. posterior to apical process;  
2. perforates apical process 
25. Foramen size: (Ordered) 0. very small; 1. small; 2. large 
26. Foramen shape: 0. circular; 1. elongate; 2. subtriangular 
27. Internal pedicle tube: 0. absent; 1. present 
28. Apical pits: 0. absent; 1.present 
29. Homeodeltidium: (Note: uninformative, affects outgroup only) 0. absent; 1. present  
30. Larval spines: (Note: uninformative, affects outgroup only) 0. absent; 1. present  
31. Apical Process - form: 0. low ridge; 1. high ridge; 2. wide, subtriangular;  
3. bosslike, high; 4. elongate triangular; 5. poorly developed/vestigial 
32. Apical process length: 0. short - less than 30% valve length; 1. long - over 30% valve length  
33. Apical process position: 0. anterior to foramen; 1. perforated by pedicle;  
2. occluding apex 
34. Ventral posterolateral muscle field: 0. anterior to pedicle opening; 1. on inner sides of 
homeodeltidium; 2. on inner sides of acrotretoid pseudointerarea 
35. Ventral posterolateral muscle platform: 0. absent; 1. present  
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36. Ventral anterior muscle platform: 0. absent; 1. present; 2. present forming apical process 
37. Ventral vascula lateralia - morphology: 0. baculate; 1. pinnate; 2. saccate 
38. Ventral vascula lateralia - divergence: (Ordered) 0. sub-median, narrow divergence 
anteriorly; 1. sub-median, widely divergent anteriorly; 2. sub-peripheral/peripheral 
39. Ventral profile: (Ordered) 0. gently convex; 1. high convex to subconical; 2. low conical; 3. 
high conical; 4. sub-pyramidal 
40. Dorsal pseudointerarea: (Ordered) 0. absent; 1. poorly developed/vestigial; 2. well 
developed 
41. Dorsal Pseudointerarea inclination (propareas): (Ordered) 0. anacline; 1. orthocline; 2. 
apsacline; 3. catacline; 4. procline 
42. Dorsal Pseudointerarea - division: 0. undivided; 1. narrow median groove; 2. broad median 
groove; 3. lens shaped median groove 
43. Dorsal umbo: 0. marginal; 1. anterior to margin 
44. Dorsal flexure lines: 0. absent; 1. present  
45. Dorsal posterolateral muscle fields: (Ordered) 0. weakly defined, not thickened;  
1. well defined, thickened, forming cardinal scars; 2. elevated, platform like 
46. Dorsal posterolateral muscle fields - size: 0. large - representing >60% of valve width; 1. 
small - representing < 60% of valve width  
47. Median septum: 0. absent; 1. present 
48. Median septum - form: 0. baculate; 1. digitate 
49. Median septum - length: 0. short - under 50% of valve length; 1. long - over 50% valve 
length  
50. Median septum - width: 0. narrow; 1. wide  
51. Median septum - shape: 0. ridge; 1. triangular; 2. rounded 
52. Median septum - height: 0. low; 1. high 
53. Median septum - ornament: 0. absent; 1. septal rod; 2. spines; 3. bulbous projection 
54. Median buttress: 0. absent/weakly developed; 1. present  
55. Surmounting plate: 0. absent; 1. present 
56. Surmounting plate - form: 0. plate; 1. rod 
57. Surmounting plate - transverse convexity: 0. dorsally convex; 1.flat; 2. dorsally concave 
58. Surmounting plate - longitudinal convexity: 0. dorsally convex; 1. flat; 2. dorsally concave 
59. Spines on surmounting plate: 0. absent; 1.present  
60. Dorsally directed plates along lower surface of surmounting plate: 0. absent; 1. present  
61. Dorsal mantle canals - morphology: 0. baculate; 1. bifurcate; 2. pinnate; 3. saccate 
62. Dorsal vascula lateralia - divergence: 0. wide divergence anteriorly; 1. narrow divergence 
anteriorly; 2. arcuate 
63. Dorsal vascula media - divergence: 0. absent; 1. widely divergent anteriorly; 2. narrow 
divergent anteriorly 
64. Dorsal antero-cenral muscles: 0. absent; 1. lateral to septum 
65. Dorsal valve profile: (Ordered) 0. concave; 1. flattened; 2. low convex; 3.moderately 
convex; 4. conical 
66. Dorsal sulcus: 0. absent; 1. present 
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APPENDIX 4: DATABASE OF CHARACTERS USED IN ACROTRETOID CLADISTIC 
ANALYSIS 
_Outgroup_Micromitra 
021210000011???200?0000???0010???1002012[012]000010??????00????0212120  
_Outgroup_Siphonotreta 
120001220001???10013100?101000???00100021200010??????00????0010120  
_Outgroup_Notiobolus 011000310011???111?0000???0000???0000202?101010??????00????0122130  
_Outgroup_Eoobolus  
011100211001???111?0000???0000???0000202?101010??????00????0012130  
_Outgroup_Botsfordia  
011100111002???001?0000???0001???0000102?100010??????00????0012130  
Acrotretidae_Acrothyra 
2201002000000001002100110001004102020121?00001101000010????0110020  
Acrotretidae_Acrotreta 
2201000010000100001100020111001112021132220010101111010????03?0121  
Acrotretidae_Aktassia 22010030000010310003011?000100???200?131?00010101011000????0??0020  
Acrotretidae_Amictocracens 
2201001000001222000101111001003002020021210010101011010????0000120  
Acrotretidae_Anabolatreta 
2201000000002[01]23002300121101004112020121100011101000000????0120030  
Acrotretidae_Anelotreta 
2201000000000120002100112101003002020112?1001110?000010????01?0110  
Acrotretidae_Angulotreta 
220100000000012000010012101100111202??3222001011111101102200110131  
Acrotretidae_Aphelotreta 
22010010000011[01]300210001100100200202??02[01]20010100000010????0000030  
Acrotretidae_Apsotreta 
220100100000020100010112100100111202??12[01]20011101110010????0000031  
Acrotretidae_Araktina 
22010010000011[12]2000300111101002002020122?10011101110010????0??0020  
Acrotretidae_Canthylotreta 
2201001000000102002100121001002012020102020010101011010????0002131  
Acrotretidae_Conotreta 
22010000000012[012]0000301111001000102021032220010101111210????0210011  
Acrotretidae_Cyrtonotreta 
220100[01]0000002[012]2000100110011001102021122020010101011010????0000022  
Acrotretidae_Dactylotreta 
2201001000001110000100121011003022020032[01]20010101010010????0000011  
Acrotretidae_Dicondylotreta 
220100100000100200210012010100111202??22?20011101110000????0??0020  
Acrotretidae_Ditreta 2201001000001??200??001????10021?202?022?20010100000000????0??0020  
Acrotretidae_Eohadrotreta 
220100[01]000001122002100122100005012020012120010101010010????0000120  
Acrotretidae_Eschatelasma 
22010010000011[12]000030012100100501202??22110010101011010????0??0010  
Acrotretidae_Eurytreta 
220100[01]0000011[01]1000301011001002102020112020011101011010????0110131  
Acrotretidae_Fascioma 
2201001000001221000?01101101001122021122[01]10011101011210????0??0021  
Acrotretidae_Galinella 
22010000000010[12]2000100111001001112020022000010101110300????0000020  
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Acrotretidae_Hadrotreta 
2201000000000111002100111111003102020112020011101001010????0111121  
Acrotretidae_Hansotreta 
22010010000012[012]100030011100100400202?132020010101000000????0000130  
Acrotretidae_Hissingerella 
220100100000122100010112100100501202??12[01]20010101011110????0??0011  
Acrotretidae_Kostjubella 
22010010000001[01]0002100111111003102020111030010101111010????0120021  
Acrotretidae_Kotylotreta 
2201000000001122002000121011002112020121?20001100000000????0000030  
Acrotretidae_Lensotreta 
2101000001001112000100111001002102020102020011100000000????00??120  
Acrotretidae_Linnarssonella 
220100[01]000001000000100121001004012020102120010101010010????0000120  
Acrotretidae_Linnarssonia 
220100[01]0000011[12]1002100111001003102020111?00010101011010????0110120  
Acrotretidae_Longipegma 
22010020000011[12]2000300121011001112020112120010101010010????0000031  
Acrotretidae_Mixotreta 
22010010000011[12]20001011210110030120201121200100??????10????0??0120  
Acrotretidae_Neotreta 
200100000000300200010011100?00500202??01100011100000000????0000030  
Acrotretidae_Odontotreta 
2201001000001100000100111001004002020112120010100010010????0??0030  
Acrotretidae_Olentotreta 
2201000000001?1200030012101100001202??22020010100100010????0??0120  
Acrotretidae_Ombergia 
220100100000111000030212100100112202??32020010101010010????0000021  
Acrotretidae_Opisthotreta 
220100100000200100030011100100000202??01?200100??????00????0000030  
Acrotretidae_Ottenybella 
2201000000002222000301111001005002020132020011101100010????0000011  
Acrotretidae_Physotreta 
220100100000111200110012101100212202??22020010101110010????0000120  
Acrotretidae_Picnotreta 
220100100000220100030011200?004102020101?10011101110000????0??0130  
Acrotretidae_Prototreta 
22010000000011[012]0002100120011001012020132020010111111010????0000020  
Acrotretidae_Quadrisonia 
22010000000010[12]2000101121011004112021112120011101000010????0??0120  
Acrotretidae_Rhondellina 
220100000000300100010011100100110202?101?000110??????00????0000020  
Acrotretidae_Sadracarta 
22010000010001[12]2000100?1100?00500?02??12?10000100000000????0??0020  
Acrotretidae_Satpakella 
22010000000011[012]200010011101100502202??42[01]20010101111310????0??0030  
Acrotretidae_Semitreta 
22010010000010[012]100030011100100500202?132020010101010000????0000110  
Acrotretidae_Spondylotreta 
220100000000021200010111101?00110202??32020010101011000????0210021  
Acrotretidae_Stilpnotreta 
2101001000003000000300121001004122020101120010100010000????0110030  
Acrotretidae_Talassotreta 
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22010000010011[12]2000100111001001002021122?20010100100010????0??0020  
Acrotretidae_Tapuritreta 
2201001001002021000300121001002112020032120001101011010????0??00[12]0  
Acrotretidae_Tasbulakia 
220100100000110000010012101100101202?132020021101011[12]00????0000020  
Acrotretidae_Tinginatella 
22010010000001[012]00010111000100500202?1220200100??????10????0000020A  
crotretidae_Treptotreta 
2201000000001022000100121011002122020122120010100011000????0000010  
Acrotretidae_Vandalotreta 
22010010000011[12]1002100021001003022020122[01]200100??????10????0??0020  
Torynelasmatidae_Torynelasma 
220100100000201200030011101000011202??4201001110111101101100000020  
Torynelasmatidae_Acrotretella 
22010010000020[12]200030011100000???200??4200001?10111101102200000020  
Torynelasmatidae_Cristicoma 
220100100000201200030011101000102202??4201001010111121102200000020  
Torynelasmatidae_Issedonia 
220100100000201200030011101000011202??4201001110111121102200??0020  
Torynelasmatidae_Mylloconotreta 
220100100000201200030011101000011202??4201001?10111101102200??0020  
Torynelasmatidae_Naimania 
220100100000211200030011101000011202??320100101011111110220000?020  
Torynelasmatidae_Paratreta 
22010010000020[12]200030011101000210202??2201001010111101102200??0020  
Torynelasmatidae_Polylasma 
22010010000020[012]200030011101000011202??4201001?10111101102201??0020  
Torynelasmatidae_Sasyksoria 
22010010010022[12]200030011101000011202??2201001010111101102200000020  
Ephippelasmatidae_Ephippelasma 
220100000100011100030112101100502202??32[012]3001010112110100210000000  
Ephippelasmatidae_Aipyotreta 
22010000010001[12]100030112101100502202??32?30010101111100????0000000  
Ephippelasmatidae_Akmolina 
220100000100011100030112101100500202??322300100??????00????0000000  
Ephippelasmatidae_Ghavidelia 
21010000010001[01]10003001210100112202??32020010101001210????0??00[02]0E  
Ephippelasmatidae_Lurgiticoma 
220100000100022100030112101100502202??32?30010100111210????0000000  
Ephippelasmatidae_Mamatia 
22010000010000[01]100030112101100502202??32130010101110110????0000000  
Ephippelasmatidae_Myotreta 
22010000010001[01]100030112101100502202??32030010101111100????0000000  
Ephippelasmatidae_Numericoma 
220100000100011100030112101100502202??3203001010111120100210000000  
Ephippelasmatidae_Pomeraniotret 
220100000100011100030112101100502202??320300010??????00????0000000  
Ephippelasmatidae_Rhinotreta 
220100100100011100032112101100502202??32030000100000000????0000000  
Ephippelasmatidae_Veliseptum 
220100000100011100030112101100502202??3203001010101120101100000000  
Biernatidae_Biernatia 22010010000010010003001?100000???200??3101000110101100100000000020  
Biernatidae_Bathmoleca 
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22010010000010010003001?100000???200??310100011010111111??00000020  
Biernatidae_Concaviseptum 
2201001000001[01]010003001?100000???200??31?1000110101100100000??0120  
Biernatidae_Havlicekion 
2201001002001[01]010003001?100000???200??3121000110101000100000??0021  
Biernatidae_Opsiconidion 
22010010000010010003001?100000???200??310100011010111011??00000020  
Ceratretidae_Ceratreta 
22010000010011[012]1002?00022111001112120112020020101010010????0120130  
Ceratretidae_Acanthatreta 
2201001001001121002?00022111001112120112[01]20020101010010????0120130  
Ceratretidae_Almohadella 
2201001001001121002?00012111001102120112020020101010010????0120130  
Ceratretidae_Bozshakolia 
2201001001001121002?00021111001112120112?20020101010010????0120130  
Ceratretidae_Erbotreta 
22010040010011[12]1002?00022111001122120132?20020100100010????0120110  
Ceratretidae_Keyserlingia 
22010010010011[12]1002?00022111001112120122?20020101010010????0120130  
Ceratretidae_Kleithriatreta 
2201000001001121002?00022111001112120112020020101010210????0120130  
Ceratretidae_Monophthalma 
2201001001001121002?00022111001112120112120020101100000????0120130  
Eoconulidae_Eoconulus 
220100100103????000200011000003002120110??1010100001000????0000030  
Eoconulidae_Otariconulus 
220100100103????001200011000003002020112120010100000000????0??0020  
Eoconulidae_Undiferina 
220100100103????000200011000003002020112[01]100101001111011??00??0020  
Curticiidae_Curticia 
[02]0010000000011[01]0002?1002120100???20001020?000?100000000????0110121  
Scaphelasmatidae_Scaphelasma 
2201000002001122002?0001210100500202??22020010101011000????0000120  
Scaphelasmatidae_Artiotreta 
2201000002001122002?0001100100500202??22010010101011000????0??0120  
Scaphelasmatidae_Batenevotreta 
22010000010011[12]2002?0001201100300202??22020010101010010????0??0130  
Scaphelasmatidae_Eoscaphelasma 
2201000001001123002?0002211100501202??221200100??????00????0000120  
Scaphelasmatidae_Rhysotreta 
22010000020021[12]2002?0001220100500202??32010010101011010????0??0110  
Scaphelasmatidae_Tobejalotreta 
2201000002001122002?0001210100500202??320200100??????10????0??0110 
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APPENDIX 5: AGE RANGES FOR TAXA USED IN STRATIGRAPHIC CONGRUENCE 
ANALYSIS 
Taxon 
 
FAD LAD 
Outgroup - Micromitra 521 488 
Outgroup - Siphonotreta 478 461 
Outgroup - Notiobolus 510 501 
Outgroup - Eoobolus 521 501 
Outgroup - Botsfordia 521 501 
Acrothyra 510 501 
Acrotreta 
 
488 461 
Aktassia 
 
468 461 
Amictocracens 510 501 
Anabolotreta 503 488 
Anelotreta 510 501 
Angulotreta 501 488 
Aphelotreta 510 496 
Apsotreta 501 488 
Araktina 
 
510 488 
Canthylotreta 503 488 
Conotreta 478 450 
Cyrtonotreta 478 461 
Dactylotreta 510 478 
Dicondylotreta 503 501 
Ditreta 
 
488 478 
Eohadrotreta 510 501 
Eschetelasma 428 423 
Eurytreta 
 
501 461 
Fascioma 
 
478 468 
Galinella 
 
501 488 
Hadrotreta 517 507 
Hansotreta 468 461 
Hissingerella 461 444 
Kostjubella 510 501 
Kotylotreta 510 501 
Lensotreta 503 501 
Linnarssonella 501 488 
Linnarssonia 521 510 
Longipegma 501 478 
Mixotreta 510 501 
Neotreta 
 
510 496 
Odontotreta 510 501 
Olentotreta 501 488 
Ombergia 483 473 
Opisthotreta 510 488 
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Ottenybella 488 478 
Physotreta 503 461 
Picnotreta 510 496 
Prototreta 510 501 
Quadrisonia 510 488 
Rhondellina 503 496 
Sadracarta 501 488 
Satpakella 501 488 
Semitreta 501 478 
Spondylotreta 468 450 
Stilpnotreta 510 488 
Talassotreta 473 465 
Tapuritreta 501 488 
Tasbulakia 450 444 
Tingitanella 510 496 
Treptotreta 510 488 
Vandalotreta 517 507 
Torynelasma 478 455 
Acrotretella 461 416 
Cristicoma 473 468 
Issedonia 
 
468 461 
Mylloconotreta 473 468 
Naimania 
 
455 450 
Paratreta 
 
478 461 
Polylasma 473 461 
Sasyksoria 478 473 
Ephippelasma 468 444 
Aipyotreta 468 461 
Akmolina 
 
501 444 
Ghavidelia 
 
488 478 
Lurgiticoma 468 461 
Mamatia 
 
478 473 
Myotreta 
 
478 461 
Numericoma 478 461 
Pomeraniotreta 501 468 
Rhinotreta 461 444 
Veliseptum 468 444 
Biernatia 
 
488 444 
Bathmoleca 468 461 
Concaviseptum 411 407 
Havlicekion 428 407 
Opsiconidion 450 385 
Ceratreta 
 
501 488 
Acanthatreta 510 507 
Almohadella 510 507 
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Bozshakolia 517 501 
Erbotreta 
 
510 501 
Keyserlingia 
 
501 488 
Kleithriatreta 517 501 
Monophthalma 521 507 
Curticia 
 
510 488 
Scaphelasma 478 444 
Artiotreta 423 416 
Batenevotreta 510 501 
Eoscaphelasma 510 488 
Rhysotreta 478 450 
Tobejalotreta 501 488 
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APPENDIX 6: CONSENSUS TREES (ALL ACROTRETOID TAXA) 
Unweighted 
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Implied weight 2 
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Implied weight 3 
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Implied weight 5 
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Implied weight 10 
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APPENDIX 7: CONSENSUS TREES (EXCLUDING EOCONULIDS) 
Unweighted 
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Implied weight 2 
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Implied weight 3 
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Implied weight 5 
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Implied weight 7 
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Implied weight 10 
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APPENDIX 8: STRATIGRAPHIC CONGRUENCE DATA FOR ALL TREES (EXCLUDING 
EOCONULIDS)  
Unweighted trees: 
 
SCI RCI GER MIG 
tree_1 0.438 6.190 0.513 1470 
tree_2 0.438 6.445 0.514 1466 
tree_3 0.490 12.444 0.548 1372 
tree_4 0.479 5.233 0.507 1485 
tree_5 0.438 3.127 0.495 1518 
tree_6 0.469 0.255 0.479 1563 
tree_7 0.469 0.255 0.479 1563 
tree_8 0.427 -1.978 0.467 1598 
tree_9 0.479 5.488 0.509 1481 
tree_10 0.469 4.148 0.501 1502 
tree_11 0.458 3.829 0.499 1507 
tree_12 0.469 2.425 0.491 1529 
tree_13 0.490 8.743 0.527 1430 
tree_14 0.490 8.488 0.525 1434 
tree_15 0.469 5.424 0.508 1482 
tree_16 0.427 1.595 0.487 1542 
tree_17 0.417 3.191 0.496 1517 
tree_18 0.458 4.978 0.506 1489 
tree_19 0.458 4.020 0.500 1504 
tree_20 0.500 8.998 0.528 1426 
tree_21 0.500 9.572 0.532 1417 
tree_22 0.458 5.552 0.509 1480 
tree_23 0.490 11.615 0.543 1385 
tree_24 0.490 11.870 0.544 1381 
tree_25 0.448 5.424 0.508 1482 
tree_26 0.448 5.169 0.507 1486 
tree_27 0.448 10.274 0.535 1406 
tree_28 0.500 11.934 0.545 1380 
tree_29 0.469 7.020 0.517 1457 
tree_30 0.479 6.318 0.513 1468 
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Implied weighting 2 
 
SCI RCI GER MIG 
tree_1 0.510 -3.127 0.460 1616 
tree_2 0.510 0.191 0.479 1564 
tree_3 0.479 -5.424 0.447 1652 
tree_4 0.490 -3.127 0.460 1616 
tree_5 0.542 6.573 0.515 1464 
tree_6 0.500 -1.595 0.469 1592 
tree_7 0.500 -3.127 0.460 1616 
tree_8 0.500 -1.595 0.469 1592 
 
Implied weighting 3 
 
 
SCI RCI GER MIG 
tree_1 0.406 -11.615 0.413 1749 
tree_2 0.417 -8.615 0.429 1702 
tree_3 0.448 -5.871 0.445 1659 
tree_4 0.406 -11.295 0.414 1744 
 
Implied weighting 5 
 
 
SCI RCI GER MIG 
tree_1 0.458 4.276 0.502 1500 
tree_2 0.458 3.255 0.496 1516 
tree_3 0.458 1.468 0.486 1544 
tree_4 0.448 1.085 0.484 1550 
tree_5 0.458 3.829 0.499 1507 
tree_6 0.469 2.106 0.490 1534 
tree_7 0.479 4.786 0.505 1492 
tree_8 0.469 2.808 0.494 1523 
tree_9 0.469 3.255 0.496 1516 
tree_10 0.469 5.743 0.510 1477 
tree_11 0.469 3.510 0.497 1512 
tree_12 0.469 2.361 0.491 1530 
tree_13 0.469 3.063 0.495 1519 
tree_14 0.448 0.574 0.481 1558 
tree_15 0.458 1.276 0.485 1547 
tree_16 0.458 4.020 0.500 1504 
tree_17 0.479 5.297 0.508 1484 
tree_18 0.448 4.467 0.503 1497 
tree_19 0.479 4.531 0.503 1496 
tree_20 0.458 3.063 0.495 1519 
tree_21 0.500 4.276 0.502 1500 
tree_22 0.479 4.212 0.501 1501 
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Implied weighting 7 
 
 
SCI RCI GER MIG 
tree_1 0.490 14.550 0.559 1339 
tree_2 0.500 15.507 0.565 1324 
tree_3 0.500 15.380 0.564 1326 
tree_4 0.500 15.826 0.567 1319 
tree_5 0.479 14.869 0.561 1334 
tree_6 0.490 15.635 0.566 1322 
tree_7 0.490 14.550 0.559 1339 
tree_8 0.479 14.742 0.561 1336 
tree_9 0.469 14.295 0.558 1343 
tree_10 0.490 14.805 0.561 1335 
tree_11 0.510 16.401 0.570 1310 
tree_12 0.458 14.040 0.557 1347 
tree_13 0.490 14.614 0.560 1338 
tree_14 0.490 14.869 0.561 1334 
tree_15 0.479 14.933 0.562 1333 
tree_16 0.500 15.061 0.562 1331 
tree_17 0.479 14.295 0.558 1343 
tree_18 0.500 15.124 0.563 1330 
tree_19 0.521 18.953 0.584 1270 
tree_20 0.490 15.571 0.565 1323 
tree_21 0.510 19.592 0.588 1260 
tree_22 0.500 15.061 0.562 1331 
tree_23 0.490 14.805 0.561 1335 
tree_24 0.490 15.316 0.564 1327 
tree_25 0.510 18.634 0.582 1275 
 
Implied weighting 10 
 
 
SCI RCI GER MIG 
tree_1 0.521 19.655 0.588 1259 
tree_2 0.510 16.209 0.569 1313 
tree_3 0.500 18.379 0.581 1279 
tree_4 0.490 15.124 0.563 1330 
tree_5 0.490 15.316 0.564 1327 
tree_6 0.510 18.315 0.581 1280 
tree_7 0.500 16.784 0.572 1304 
tree_8 0.448 13.465 0.553 1356 
tree_9 0.479 14.550 0.559 1339 
tree_10 0.490 18.826 0.584 1272 
tree_11 0.500 19.081 0.585 1268 
tree_12 0.490 14.678 0.560 1337 
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APPENDIX 9: LIST OF SPECIMENS INVESTIGATED WITH RESPECT TO 
PRESERVATION OF EPITHELIAL CELL-MOULDS IN ACROTRETOID BRACHIOPODS 
 
Specimen reference Collection Taxon 
A353-2100c Sedgwick Museum Olentotreta? sp. 
51795a British Geological Survey L. sagittalis 
51795b British Geological Survey L. sagittalis 
G13a National Museum of Wales Olentotreta? sp. 
A353-2074a Sedgwick Museum L?. cf. comleyensis 
A346 -1 Sedgwick Museum L?. matleyi 
A353 – 2088b Sedgwick Museum L?. cf. comleyensis 
A353 – 2088a Sedgwick Museum L?. cf. comleyensis 
A353 – 2088?? Sedgwick Museum L?. cf. comleyensis 
A354 – 2108 Sedgwick Museum A?. cf. socialis 
A105 Sedgwick Museum L. sagittalis 
A373 Sedgwick Museum A?. cf. socialis 
A369 Sedgwick Museum L. cf. sera 
D233A British Geological Survey L. cf. sera 
A54624 British Geological Survey L. sagittalis 
A54624 British Geological Survey L. sagittalis 
NMW1557a National Museum of Wales L. sagittalis 
A54372 British Geological Survey L. sagittalis 
A96d (3) – 709 Sedgwick Museum A?. cf. socialis 
A96d (4) – 709 Sedgwick Museum A?. cf. socialis 
A96d (2) – 709 Sedgwick Museum A?. cf. socialis 
A362 Sedgwick Museum A. comleyensis 
A100 Sedgwick Museum A?. cf. socialis 
G16a National Museum of Wales L. cf. sera 
A371-3 Sedgwick Museum L. cf. sera 
A598-671 Sedgwick Museum A?. cf. socialis 
A354 – 2110a Sedgwick Museum L?. matleyi 
A354 – 2096 Sedgwick Museum L?. matleyi 
A598-704 Sedgwick Museum A?. cf. socialis 
A355-2074 Sedgwick Museum L. comleyensis 
A96(c.) – 694 Sedgwick Museum A?. cf. socialis 
A345  Sedgwick Museum L?. matleyi 
A345  Sedgwick Museum L?. matleyi 
A346-1 Sedgwick Museum L?. matleyi 
A353-2088a Sedgwick Museum L. cf. comleyensis 
A353-2088d Sedgwick Museum L. cf. comleyensis 
A353 – 2077 Sedgwick Museum A. cf. Socialis 
A350 Sedgwick Museum L?. matleyi 
A369 Sedgwick Museum L. cf. sera 
A353-2100c Sedgwick Museum Olentotreta? sp. 
A353-2100d Sedgwick Museum Olentotreta? sp. 
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APPENDIX 10: COPYRIGHT PERMISSIONS 
Copyright of material forming the basis of Chapters 7 and 8 are not required as the papers that form the 
basis of these chapters include such permission (Winrow and Sutton 2012; Winrow and Sutton 2014). 
Copyright permission for material from Popov et al. (1994) in the description of Neotreta is not 
required for a thesis. 
Copyright permissions have been received for reproduction of the following materials solely in this 
thesis: 
Fig. 2 and Fig. 3: reproduced from Meert and Liebermann 2004 in line with the following 
permission: 
From: Dawn Angel [dawn.angel@geolsoc.org.uk] on behalf of Sales [sales@geolsoc.org.uk] 
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The Society is pleased to grant permission to use two figures from Journal of the Geological Society. 
You must make the source of the material clear, for example by including a statement such as 
‘Reproduced/modified from [Author] [year]’in the figure captions. 
  
Please find attached a pdf receipt for your payment. 
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